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ABSTRACT
Impact of gamma irradiation on post-harvest disorders in ‘Bartlett’ Pears
by Michelle Tu
The goal of this research was to determine the effect of irradiation on post-harvest disorders and
ripening quality of ‘Bartlett’ pears stored for 3 months in air. ‘Bartlett’ pears were treated at 470
and 940 Gy and held at -1 - 0 ˚C at 95 % humidity. At 0, 45, and 90 days following treatment, the
pears were brought to room temperature and allowed to ripen. The pears were then monitored for
changes in respiration rate and ethylene production. After reaching the climacteric peak, pears
were evaluated for incidence of post-harvest disorders, ACS and ACO enzyme activities, and
quality factors such as color, texture, titratable acidity and soluble solids content. While irradiation
delayed ripening as evident by a delay in the climacteric peak and color change from green to
yellow, the longer that pears were stored, the shorter the duration of ripening during each testing
period. A delay in ripening was observed in an increased respiration rate and lowered ethylene
production during all testing periods in irradiated samples, however, ACS and ACO enzyme
activities did not correlate with ethylene production. The levels of compounds associated with
superficial scald, α-farnesene and conjugated trienes, were lower in the irradiated pears, however,
the incidence of superficial scald was higher in irradiated samples with 28 % and 32 % in 470 and
940 Gy treated pears, respectively, compared to 17 % in control pears, but it must be noted that
the superficial scald index was very low for this set of pears. In contrast to superficial scald, the
occurrence of senescent scald, core browning and mold incidence was reduced by irradiation.
Though there was no statistical significance in color or texture, a delay in degreening and softening
was observed in the ripening process of the irradiated fruit. There were no notable differences in
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quality attributes of titratable acidity and total soluble solids due to irradiation. Our study shows
that low dose irradiation, below 1000 Gy, can be an effective method to delay ripening and
suppress post-harvest disorders in ‘Bartlett’ pears without impairing the quality of the fruit.

KEYWORDS: a-farnesene, core browning, ethylene, respiration rate, superficial scald
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1. INTRODUCTION
In the United States (U.S.), the most popular pear varietal produced is ‘Bartlett’ pears. In 2018,
U.S. production was 667,000 tons with 140,000 tons exported to Mexico (FAS, 2019). In
California, ‘Bartlett’ pears are precooled to 4 °C (40 °F) immediately after harvest and then placed
into cold temperature storage at -1-0 °C (30-32 °F) for up to three months before market release.
Superficial scald is a major post-harvest physiological defect in pears and apples (Lurie & Watkins,
2012) that shows up as irregular browning on the peel of the fruit seven to ten days after they are
brought out of cold storage. If pears experience a delay in cooling or are stored at too high of a
temperature, superficial scald development is exacerbated (Flaherty, DeEll, She, & Bozzo, 2018;
Varela, Salvador, & Fiszman, 2005). Superficial scald has been related to an accumulation of
autoxidative products a-farnesene and conjugated trienes (CTs) in the waxy layer in the peel of
pears, mediated by an increase in ethylene when the fruit is removed from cold storage. A 2009
study showed that 81-94 % of California-harvested ‘Bartlett’ pears exhibited moderate levels of
superficial scald when stored for 20-24 weeks in air (Whitaker, Villalobos-Acuna, Mitcham, &
Mattheis, 2009). In addition to superficial scald, the development of other post-harvest disorders
such as senescent scald, fungal diseases and core breakdown, has discouraged the extended storage
of ‘Bartlett’ pears grown in California.
Formation of superficial scald can be mitigated by the use of antioxidants, 1methylcyclopropane (1-MCP), and controlled atmosphere. Diphenylamine (DPA) and ethoxyquin
(6-ethoxy-2,2,4-trimethyl-1,2 dihydroquinoline) are antioxidants which prevent the formation of
a-farnesene oxidative products, including CTs. The application of DPA is more commonly used
with apples while ethoxyquin is used on pears; however, ethoxyquin is no longer used in California
due to the high cost of registration (McClain, 2019). The ethylene inhibitor, 1-MCP, patented
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under SmartFresh by AgroFresh, can reduce superficial scald by binding to ethylene receptors and
obstructing ethylene production. However, 1-MCP is no longer used in California for pears due to
impaired ripening of 1-MCP-treated fruit when it is removed from cold storage (FGN, 2018;
Pareek, 2017). Controlled atmosphere storage uses low oxygen and high carbon dioxide (CO2)
levels to prevent oxidation and extend shelf life of pears, but, due to its high cost, controlled
atmosphere storage is not used in California.
In recent work on evaluating the use of irradiation as a phytosanitary treatment on apples, it
was observed that ‘Granny Smith’ apples treated at 330 and 1000 Gy exhibited low superficial
scald (Olabode 2019). This effect was related to a decrease in ethylene production as a result of
irradiation and subsequent reduction in a-farnesene and its related oxidation products. Irradiation
of pears has been investigated as a phytosanitary treatment and lowered ethylene levels have also
been observed in pears following irradiation treatment (Abolhassani, Caporaso, Rakovski, &
Prakash, 2013; Sea, Rakovski, & Prakash, 2015) but the impact of irradiation on scald incidence
in pears has not been evaluated.
For phytosanitary purposes, the USDA (United States Department of Agriculture) -APHIS
(Animal and Plant Health Inspection Service) has set a dose target of 150 Gy and 400 Gy for the
tephritid fruit fly and other insects, respectively, not including pupa and adult stages of Lepidoptera
(USDA-APHIS, 2013). Perez et al. (2009) found that ‘Packham’s Triumph’ pears irradiated at
400 Gy had a slower loss in firmness (7-25 %) and no external color loss compared to control
pears. Abolhassani et al. (2013) found that that irradiation at dose levels of 400 Gy and 600 Gy
delayed ripening up to two days as determined by changes in color and texture of the fruit. Sea et
al. (2015) confirmed the findings of Abolhassani et al. (2013) and found that pears irradiated at
400 Gy maintained a longer shelf life than that of control samples. They observed that though the

2

climacteric peak was not affected, irradiation resulted in a decrease in ethylene and an increase in
respiration. Pears subjected to 400 Gy of irradiation were able to withstand a simulated retail
display, similar to commercial handling, while still exhibiting greater firmness than non-irradiated
pears. Irradiated pears were also found to have a lowered susceptibility to bruising and fungal
diseases which was attributed to irradiation-induced delayed ripening. Sea et al. (2015) evaluated
the quality of pears stored for two weeks, hence they did not observe occurrence of superficial
scald which is manifested in pears following storage for three to five months.
There is no research on the effect of irradiation on ripening ability of pears stored for extended
periods of time. Also, the relationship between irradiation-induced ethylene reduction and
superficial scald in pears has not been explored. Therefore, the objectives of this study are to:
1. Determine if irradiation will positively affect the ripening ability of ‘Bartlett’ pears
stored up to 90 days.
2. Determine the effect of irradiation on reducing superficial scald incidence in ‘Bartlett’
pears.
3. Correlate a dose-dependent reduction of scald incidence with ethylene production and
a-farnesene oxidative products, the compounds responsible for scald formation in
‘Bartlett’ pears.
4. Determine if irradiation can alleviate the appearance of other disorders, such as
senescent scald, core breakdown, and mold, commonly seen in stored ‘Bartlett’ pears.

3

2. REVIEW OF LITERATURE
2.1. ‘Bartlett’ Pears
‘Bartlett’ pears are the most popular pear varietal produced in the US. The size, coloring, and
flavor have made ‘Bartlett’ pears the standard to which the industry compares other varietals.
‘Bartlett’ pears are favored for their classic pear shape, color change from green to yellow and
juiciness in flavor and texture. ‘Bartlett’ pears make up 75 % of the total pear production in the
US and can be consumed fresh, canned, preserved, or dried (Elizabeth J Mitcham & Elkins, 2007).
California is still considered a leading producer of ‘Bartlett’ pears, despite losses from a 2018
freeze and reoccurring fire blight disease (FAS, 2019). ‘Bartlett’ pears from California are
distributed throughout the US and internationally with Mexico at 50.9 % and Canada at 27.5 % as
primary destinations followed by the United Arab Emirates, Columbia, and Brazil among the
secondary destinations (ERS, 2019).
2.1.1. ‘Bartlett’ Pear Harvest and Storage
‘Bartlett’ pears grown in California are typically harvested between early July and early
September (Elizabeth J Mitcham & Elkins, 2007). The standard ‘Bartlett’ pear is harvested based
on an index of measurable firmness, with 19 maximum, 17 optimal and 15 minimum lbf (poundsforce) (lbf x 4.448 = Newtons) and soluble solids content (Table 1). The index is further modified
based on fruit diameter and color and referenced against the minimum maturity. In California, a
maximum maturity is set for pears allocated for processing.
‘Bartlett’ pears are climacteric, exhibiting an increase in ethylene and CO2 post-harvest.
‘Bartlett’ pears ripen post-harvest to develop their desirable juicy texture (two to four poundsforce) and flavor (Kader, Mitcham, & Mitchell, 2002). Pears are precooled to 4 °C (40 °F) to
remove residual warm temperatures from the field, then placed in cold storage at -1-0 °C (30-32
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°F) to delay ripening for two to three months. The ideal storage temperature to maintain quality
for ‘Bartlett’ pears is -1-0 °C (30-32 °F) (Elizabeth J. Mitcham, Crisosto, & Kader, 1996). The
soluble solids content (SSC) of the core and the fluctuation of the room temperature determines
the lowest ideal storage temperature. The relative humidity of the room must be maintained at
roughly 95 % to prevent moisture loss; however, this percentage is established by the size of the
system (Kader et al., 2002).
Unique to climacteric pears is the need for pretreatment to induce the ripening cycle. ‘Bartlett’
pears, like many varietals such as ‘Abare Fetel’ pears, require exposure to cold temperature to
induce ripening (Busatto et al., 2019). ‘Bartlett’ pears are slow to ripen and will ripen unevenly
without, at least, two to four weeks of conditioning at -1 to 0 °C. The time required for conditioning
is based on the maturity of the fruit. Early-harvest packed pears may be conditioned by exposure
to 100 ppm ethylene between 20 °C to 25 °C (68 °F to 77 °F) for 24 hours before they are cooled
with forced air and released to market (Kader et al., 2002). Late harvest pears, on the other hand,
do not need conditioning with ethylene to ripen.
Table 1. Minimal maturity standards for California ‘Bartlett’ pears (Elizabeth J. Mitcham et al., 1996).

Fruit Firmness (lbf)
Minimum

Diameter 2 3/8 to 2 ½ Diameter > 2 ½ in

soluble solids

in (60.3 to 63.5 mm)

(63.5

mm)

larger
< 10 %

19.0 (84.5)

20.0 (89.0)

10 %

20.0 (89.0)

21.0 (93.4)

11 %

20.5 (91.2)

21.5 (95.6)

12 %

21 (93.4)

22.0 (97.9)

13 %

No maximum

No maximum
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and

2.1.2. Post-harvest disorders of ‘Bartlett’ Pears
The pathological disorders that can affect California ‘Bartlett’ pears are primarily but not
limited to Penicillium expansum and Botrytis cinerea, blue mold and grey mold, respectively. The
most common post-harvest physiological disorders in pears are senescent scald, core breakdown,
and superficial scald.
2.1.2.1.

Fungal Diseases

The three most common molds associated with pear rot are Penicillium expansum, Botrytis
cinerea, and Mucor piriformis. At least 13 different types of rot are found in almost all varieties
of pears, with blue mold, grey mold, bull’s eye rot, Alternaria rot, Rhizopus rot, Phomopsis rot,
and Mucor rot the predominant forms found in California pears (Adaskaveg, Forster, Thompson,
& Cary, 2015; Sardella et al., 2016). In California ‘Bartlett’ pears, blue mold and grey mold are
significant causes of pear loss (McClain, 2019). Blue mold, caused by P. expansum, can be
alleviated with careful storage, but up to 50 % of pears can get infected if poor handling occurs
during cold storage (Figure 1Error! Reference source not found.). Blue mold occurs due to a
moist environment and infections from punctures or bruising during pear harvest. Grey mold is
the second most common fungal disease that can affect all pears and results from over-storage.
Grey mold, caused by B. cinerea, can spread from diseased fruit to healthy fruit by skin-to-skin
contact (Figure 1). Similar to blue mold, a moist environment can increase the chances of spread.

Figure 1. Pears with blue mold (left) and grey mold (right) (Sardella et al., 2016)
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2.1.2.2.

Senescent Scald

Senescent scald is a physiological disorder that appears on the peel of pears that are stored past
their post-harvest lifecycle (Meheriuk, Prange, Lidster, & Porritt, 1994). ‘Bartlett’ pears have been
observed to be susceptible to senescent scald causing loss of product due to undesired browning
of the peel (Figure 2). This type of scald occurs when the capacity to continue the ripening cycle
ceases and is observed as brown to black discoloration on the peel of pears starting at the calyx,
which can rapidly brown resulting in core breakdown. Toward the later stages of senescence, the
discolored peel becomes weak and will involuntarily shed off as part of senescent scald with a lack
of softening in texture. Excessive cold temperature storage and long-term storage causes senescent
scald, which is a common symptom of chilling injury (Watkins, 2016; J. Zhao et al., 2018). For
crop marketability, consumers find senescent scald visibly unappealing.

Figure 2. ‘Bartlett’ pears from Argentina were exhibiting senescent scald after two weeks at ambient
room temperature and an additional two weeks at 4.4 °C.
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2.1.2.3.

Core Breakdown

Core breakdown is a physiological disorder in which pears exhibit undesirable browning and
softening in the fruit core (Figure 3). In ‘Bartlett’ pears, core breakdown can also result in the flesh
separating from healthy parts of the fruit (Meheriuk et al., 1994). Heavier crop loads, premature
harvest timeframes, low post-harvest storage temperatures such as 20 °C (68 °F), delayed cooling,
and adverse or extended storage are factors that can lead to core breakdown. Preventative measures
can include calcium dips and high carbon dioxide (controlled atmosphere) (McClain, 2019) for
‘Bartlett’ pears; however, rapid cooling and proper temperature maintenance during cold storage
are the only treatments employed in California.

Figure 3. Core breakdown of ‘Bartlett’ pear. Image from UC Davis Post-harvest Technology Center
(Argenta, Mattheis, Fan, & Amarante, 2016).

2.1.2.4.

Superficial scald

Superficial scald, also known as storage scald, is exhibited by the appearance of irregularly
shaped brown or black patches on the peels of pome fruits such as apples and pears (Lurie &
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Watkins, 2012). Superficial scald first appears as small blotches on the neck of fruit after the
removal from storage and increased of ethylene due to ambient temperatures. Climacteric pears
have the same susceptibility to scald development as that of apples, if not higher, due to their
thinner peels. This physiological disorder does not cause textural changes but has an undesirable
appearance resulting in product waste for common pear varietals like ‘d’Anjou’ and ‘Bartlett’
pears (Calvo, Candan, Civello, Giné-Bordonaba, & Larrigaudière, 2015; Zhi & Dong, 2018).

Figure 4. Biosynthesis pathway of a-farnesene and its autooxidation products adapted from (Rupasinghe,
Paliyath, & Murr, 1998)

The buildup of a-farnesene found in the peel of pears and its autooxidation products has been
investigated as the cause of scald buildup. The formation of a-farnesene from acetyl CoA in the
peel of the fruit is known to be a key biochemical mechanism explaining scald (Figure 4). Highly
reactive CTs are formed as primary autooxidation products of a-farnesene followed by 6-methyl-
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5-hepten-2-one (MHO) (Whitaker et al., 2009). This buildup of CTs leads to the disruption of cells
which causes fruit damage on the peel and results in cell death. The buildup of CTs in the peel of
scalded apples have led researchers to believe that scald prevention can be regulated by lowering
a-farnesene (Ingle & D'souza, 1989; Z. Ju & Curry, 2000). The autooxidation products are not
direct indicators of scald; however, previous studies have shown a high degree of correlation
between scald formation and CTs in the skin of ‘Bartlett’ and ‘d’Anjou’ pears (Rowan, Hunt,
Fielder, Norris, & Sherburn, 2001; Whitaker, 2007; Whitaker et al., 2009)
2.1.3.

The role of ethylene in superficial scald

Ethylene, an organic gaseous compound, is produced from all parts of the fruit during ripening
(Barry & Giovannoni, 2007; Elizabeth J Mitcham & Elkins, 2007). The changes in color, aroma,
and flavor during ripening are due to the increases in ethylene and respiration rates. Its role as a
plant hormone has been used as a stimulant and regulator post-harvest to achieve optimal quality.
The ethylene biosynthesis pathway consists of three main steps for converting methionine to
ethylene, utilizing two key enzymes, ACS (ACC synthase) and ACO (ACC oxidase). Methionine
is catalyzed to S-adenosyl-methionine (SAM) by SAM synthetase and then converted to 1aminocyclopropane-1-carboxylic acid (ACC) by ACS. ACC then forms ethylene catalyzed by the
final enzyme, ACO.
Ethylene has been speculated to regulate the gene expression of hydroxymethylglutaryl-CoA
reductase (HMGR) and a-farnesene synthase which are key enzymes involved in the biosynthesis
of a-farnesene (Ding, Du, & Zhang, 2019; Lurie & Watkins, 2012). Ethylene also induces gene
expression of AFS1, alpha farnesene synthase, resulting in the accumulation of a-farnesene in the
peel tissue of apples (Gapper, Bai, & Whitaker, 2006). The increase in the up-regulation of this
gene has been related to an increase in transcription levels of PcAFS1 (Lurie & Watkins, 2012).
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While the formation of scald has been linked to ethylene production, there are differences
among pear varieties in terms of ethylene dependence. Cultivars of pears have been categorized as
European or Asian varietals. European pears can only ripen off the tree and are further separated
into winter and summer varietals. Winter cultivars, such as ‘Beurre d’Anjou’ and ‘Packham
Triumph’ pears, have been known to produce low levels of ethylene and require a chilling period
to induce ethylene for normal fruit ripening (Calvo et al., 2015; Larrigaudière, Candan, GinéBordonaba, Civello, & Calvo, 2016). Larrigaudière et al. (2016), observed that ‘Beurre d’Anjou’
pears produce low levels of ethylene, but the production of a-farnesene and CTs was significant
in scalded pears. In contrast, ‘Packham Triumph’ pears exhibited high levels of ethylene but much
lower susceptibility to superficial scald. The differences in these two varieties were related to the
antioxidant potential that prevented formation of CTs due to oxidation of a-farnesene.
Summer cultivars like ‘Bartlett’ pears are scald sensitive and observed to produce higher levels
of ethylene (Whitaker, 2007; Whitaker & Saftner, 2000; Whitaker et al., 2009). Whitaker et al.
(2009) tested pears that were harvested on August 14 and 21, 2006 and 2007 in California and on
and August 22 and 25, 2006 and August 7 and 14, 2007 in Washington. They observed that
‘Bartlett’ pears grown in northern California, after long-term storage up to four to five months in
air, were more susceptible to superficial scald than those grown in Washington. The higher
concentration of superficial scald in California pears as compared to Washington pears was
hypothesized to be related to the greater maturity of the California pears.
2.2. Commercial prevention of scald development
Previously used chemical treatments such as antioxidants ethoxyquin and DPA, as well as the
ethylene inhibitor, 1-MCP, have been used for scald prevention in pears (Ding et al., 2019). While
controlled atmosphere storage can be used to store pears for up to six months for scald prevention,
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it is not commonly used in California and is found to be more common in the Pacific Northwest
(Kader et al., 2002). California no longer uses any chemical means or controlled atmosphere to
prevent physiological or pathological disorders, opting to use cold treatment to maintain the quality
of post-harvest pears. Cold storage is used to initiate ethylene production for ripening as well as
delay any physiological disorders such as superficial scald development for up to three and a half
months. However, long term low temperatures can cause senescent scald and core breakdown.
2.2.1. Antioxidants: Ethoxyquin and diphenylamine (DPA)
Scald development is a result of oxidative stress, and its severity has been observed to be
proportionate to the degree of oxidation of a-farnesene. Unlike apples, pears are slow to ripen and
often require a catalyst to stimulate the production of ethylene. Precooling is required before
immediate low-temperature storage to induce ethylene production. However, low-temperature
storage lowers the effectiveness of antioxidant mechanisms in apple and pears (Kalbasi-Ashtari,
2004). Antioxidants can prevent the oxidation and increase of a-farnesene and its autooxidation
products CTs (Calvo et al., 2015; Lurie & Watkins, 2012; Whitaker, 2007; Whitaker et al., 2009).
Pears typically have lower levels of antioxidants and compounded with low-temperature
storage, their antioxidant capacity is weakened, thereby increasing their susceptibility to scald
development (Calvo et al., 2015; Chiriboga et al., 2013). DPA and ethoxyquin are synthetic
antioxidants that have been used to prevent superficial scald by preventing the oxidation of afarnesene to CTs (Calvo, 2010; Nimse & Pal, 2015).
Both DPA and ethoxyquin are lipid-soluble compounds and applied in their liquid form postharvest. DPA is more heavily used for storage scald prevention on apples while ethoxyquin is
focused on pears. Similar to DPA, ethoxyquin is formulated as an emulsification concentrate and
an impregnated wrap, allowing both to be sprayed, drenched or wrapped.
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The authorization to import chemically treated apples and pears is reviewed annually in the
European Union (EU) for the active ingredient in each proposed treatment method. As of 2018,
the EU has banned the usage of ethoxyquin, DPA and 1-MCP. The chemicals found after their
breakdown have not excluded a relationship to notable carcinogens such as nitrosamines
(Authority et al., 2018; Formuzis, 2014; Zhi & Dong, 2018). In the US, ethoxyquin has not been
directly tested for potential carcinogenic properties, though a related by-product, 1,2-dihydro2,2,4-trimethylquinoline, has been observed to be carcinogenic in rats (Błaszczyk, Augustyniak,
& Skolimowski, 2013; EPA, 2004). Speculation of this unattractive label as a carcinogen has made
ethoxyquin an undesirable treatment method on pears in California, despite a low production cost.

Figure 5. “Lock and key” mechanism of ethylene binding receptor sites in the normal ethylene ripening
pathway and as inhibited by 1-MCP.

2.2.2. 1-MCP (1-methylcyclopropene) ethylene inhibitor
The use of 1-MCP, in liquid or gaseous form, has been used as a form of treatment for apples
and pears to inhibit the effects of ethylene on physiological disorders. 1-MCP binds with ethylene
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receptor sites and delays the ripening cycle (Figure 5). This mechanism can be seen as a “lock”
and “key” system. Plants each have a “lock” site that has room for the plant hormone, ethylene, as
the “key.” 1-MCP replaces ethylene in those sites by acting as another “key” inhibiting ethylene
from continuing the ripening process.
Villalobos-Acuna et al. (2010) correlated the decrease in ethylene production post-harvest and
after cold storage removal, when 1-MCP pressurized gas treatment was done preharvest. The
effectiveness in spraying pears preharvest with pressurized 1-MCP and CO2 was compared to
untreated preharvest pears. Storage times, between years, of pears treated in the same orchard,
were evaluated for effects on premature fruit drop, respiration rates, color change, texture, and
ethylene production. The results of this study suggested that the effects of 1-MCP are not
permanent and have a limited effect on suppressing ethylene (Villalobos-Acuna et al., 2010).
Post-harvest treatment of 1-MCP on ‘Bartlett’ pears resulted in delayed ripening and also
reduction of physiological disorders such as superficial scald, senescent scald and core breakdown
(Argenta et al., 2016; Escribano, Sugimoto, Macnish, Biasi, & Mitcham, 2017). Argenta et al.
(2016) found that re-application of 1-MCP during storage appeared to allow ‘Bartlett’ pears to
ripen normally. Winter pears, such as ‘d’Anjou’ pears require lower concentrations of 1-MCP
compared to late harvest ‘Bartlett Williams’ pears (Jinhe Bai & Chen, 2004; J. Bai, Mattheis, &
Reed, 2006). Escribano et al. (2017) evaluated the efficacy of 1-MCP applied in liquid and gaseous
forms. The authors found that the use of liquid 1-MCP at 1000 µgL-1 for 60 seconds was more
effective and resulted in better quality and shelf-life extension than gaseous 1-MCP at 0.6 µL L-1
for 24 hours for ‘Bartlett’ pears.
It has been observed that 1-MCP seems to alter the ripening process after the pears are removed
from cold storage, such that while the natural color change from green to yellow occurs, the fruit
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itself ceases to ripen and does not soften in texture. Thus, 1-MCP, trademarked under SmartFresh
by Agrofresh as of 2018, is no longer used in California for pears (FGN, 2018).
2.2.3. Controlled atmosphere
Oxygen, CO2, and ethylene are crucial gases for the regulation of cell growth and ripening
cycle (Paul & Pandey, 2014). Understanding of the internal atmosphere and respiration of
climacteric fruits has been used to facilitate a controlled atmosphere to delay undesirable postharvest symptoms such as superficial and senescent scald. ACC synthase and ACC oxidase are the
enzymes that catalyze the conversion of SAM to ACC to ethylene, which requires exposure to
oxygen. The regulation of this conversion can be with low levels of oxygen or high levels of CO2.
Combining controlled atmosphere of oxygen and CO2 has been observed to decrease levels of
ethylene production in the ripening cycle (Pedreschi, Hertog, Robben, Noben, & Nicolaï, 2008)
Zhi et al. (2019) observed that the combination of controlled atmosphere, edible coating, and
1-MCP was best to maintain the quality of ‘Bartlett’ Pears during long term storage due to the
reduction in ethylene and respiration rates. Studies done by Rizzolo et al. (2015) and Vanoli et al.
(2016) demonstrated that the combination of 1-MCP with controlled atmosphere and low
temperatures allowed ‘Abbé Fétel’ pears to be preserved for up to six months with no visible
superficial scald (Rizzolo et al., 2015; Vanoli et al., 2016). They determined that low temperatures
of -0.5 and 1 °C (31.1 and 33.8 °F) after 28 weeks had the most undesirable production of disorders
regardless of oxygen amount introduced with 1-MCP in ‘Abbé Fétel’ pears (Rizzolo et al., 2015;
Vanoli et al., 2016).
2.3. Irradiation of Pears
The treatments described above are specific to mitigating the incidence of post-harvest defects
of apples and pears. Previous research has shown that irradiation reduces superficial scald in
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‘Granny Smith’ apples (Olabode, 2019), however, it is not used commercially for this purpose.
Irradiation is used as an alternative to conventional phytosanitary treatments such as methyl
bromide fumigation and cold treatment in countries such as Vietnam, India, Australia and Mexico.
Many countries have restricted methyl bromide due to its role in the depletion of the ozone layer
(Jung, Go, Moon, Song, & Park, 2016). Cold treatment has been used as a non-chemical practice
in California for insect control instead. However, the use of cold treatment requires a minimum of
at least 14 days at 1.11 °C (34 °F) or below or a maximum of 18 days at 2.22 °C (36 °F).
Certification of methods and facilities of cold treatment is expected to include strict temperature
monitoring every hour, with temperature no higher than 0.39 °C (0.7 °F). Any gaps longer than
one hour can invalidate or fail the entire treatment (USDA-APHIS, 2013).
Table 2. Parameters for cold treatment on pears as authorized by Plant Protection and Quarantine (PPQ)
for specific control pests by means of T107. Adapted from (USDA-APHIS, 2013)

Temperature

Exposure Period (days) Pest

0 °C (32 °F) or below

13

c

0.56 °C (33 °F) or below

14

c

1.11 °C (34 °F) or below

14

a

1.11 °C (36 °F) or below

15

b

1.67 °C (35 °F) or below

16

a

1.67 °C (35 °F) or below

17

b

1.11 °C (34 °F) or below

18

c

2.22 °C (36 °F) or below

18

a

1.67 °C (35 °F) or below

20

c

2.22 °C (36 °F) or below

22

c

a. Ceratitis capitata (Mediterranean fruit fly) and Ceratitis rosa (Natal fruit fly)
b. Ceratitis capitata (Mediterranean fruit fly) and species of Anastrepha (other than Anastrepha ludens)
c. Bactrocera tryoni (Queensland fruit fly)
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Phytosanitary irradiation began in the early 1950s and has become more common in Europe
and Asia for ready-to-eat foods as well as fresh produce (Guy J. Hallman & Loaharanu, 2016;
Luckman, 2002; Morehouse, 2004). In 1995, the use of irradiation as a method of phytosanitary
treatment was approved for a doses up to 250 Gy. Since then, the use of phytosanitary irradiation
has begun to replace fumigation of fruits and vegetables outside of the U.S. (Ihsanullah & Rashid,
2017). Hawaii was the first state in the U.S. to use phytosanitary irradiation instead of chemical
means as a method of pest prevention. December 2004 saw the first official international trade,
between Australia and New Zealand, of mangoes treated with irradiation for phytosanitary
purposes. In 2006, a generic dose of 400 Gy was approved by the US and India for the first entry
of irradiated mangoes into the US (Guy J Hallman, 2011). For phytosanitary purposes, the USDAAPHIS has set a dose target of 150 Gy and 400 Gy for the tephritid fruit fly and other insects,
respectively, not including pupa and adult stages of Lepidoptera (USDA-APHIS, 2013). At 400
Gy, pear quality is not negatively affected, however no research has been performed on ‘Bartlett’
pears to determine the effects on post-harvest disorders stored for up to 90 days.
2.4. Irradiation for mold and storage rot prevention
The presence of P. expansum (blue mold) and B. cinerea (grey mold) are the primary concerns
of post-harvest spoilage diseases of pears. Jeong et al. (2017) studied gamma irradiation as a
method to induce disease resistance in ‘Shingo’ pears, specifically against P. expansum. They
found that pears treated at a dose of 200 Gy and stored for 14 days were able to increase diseaseresistant enzymes such as PAL (b-1-,3-glucanase, phenylalanine ammonia lyase), POD
(peroxidase), and PPO (polyphenol oxidase), while maintaining firmness of the fruit and lowering
the incidence of the disease (R. D. Jeong et al., 2017). PAL is a key enzyme in the phenylpropanoid
pathway that promotes the formation of polyphenol compounds during the defense response of a
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pathogen. PODs are oxidoreductive enzymes that are involved in the cell wall processes and
oxidations of PPOs, which can trigger the formation of antimicrobial compounds forming the
protective layer needed to prevent fungal infections. The use of gamma irradiation improved the
abilities of disease resistance-related enzymes, PAL, POD, and PPO with observed gene
expression of PR-1, PR-3, and Pr-4 pathogen-related genes (R. D. Jeong et al., 2017). Geweely
and Nawar (2006) found that spores of B. cinerea and P. expansum isolated from infected pears
were non-viable at 1000 Gy.
2.5. Irradiation benefits for quality and sensory characteristics
Jung et al. (2016) compared the effects of gamma rays, electron beams, and x-rays on sensory
properties of ‘Fuji’ apples and ‘Niitaka’ pears at 0, 200, 400, 600, 800 and 1,000 Gy. A trained
panel of ten panelists evaluated attributes such as appearance, off-flavors, and overall acceptance.
This study also reviewed color, soluble solids, and firmness. An off flavor was perceived in both
‘Fuji’ apples and ‘Niitaka’ pears by panelists at doses at or above 800 Gy. However, panelists
determined no distinguishable change in appearance at each dose level regardless of the source of
irradiation. A decrease of firmness was observed in ‘Niitaka’ pears at 400, 600 and 1,000 Gy. This
research concluded that doses below 400 Gy, regardless of the source of irradiation, were effective
without negatively affecting sensory properties (Jung et al., 2016).
In Patagonia, Argentina, the use of gamma irradiation for phytosanitary quarantine treatment
was evaluated for ‘Packham’s Triumph’ pears (Pérez et al., 2009). The authors found that doses
of 200 and 400 Gy did not affect quality. Specifically, they found that pears treated at 400 Gy had
a slower loss in firmness (7-25 %), allowing for additional shelf life as compared to non-irradiated
pears.
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Abolhassani et al. (2013) found that that irradiation at 400 Gy and 600 Gy maintained the
quality and sensory properties of early and late harvest ‘Bartlett’ pears as evaluated with
physiochemical analysis and consumer evaluations. Ripening of the pears was delayed for up to
two days. There was a difference in fruit quality in response to treatment at 800 Gy depending on
whether the fruit was early or late harvest.
Sea et al. (2015) confirmed the findings of Abolhassani et al. (2013) and found that pears
irradiated at 400 Gy maintained a longer shelf life than non-irradiated samples. They observed that
irradiated pears at 400 Gy were able to withstand a simulated retail display, similar to commercial
handling, while still exhibiting a higher firmness value than the control pears. The pears were less
susceptible to bruising and fungal diseases which was attributed to the increase in firmness
compared to non-irradiated pears. Sea et al. (2015) observed that at 400 Gy there was decreased
ethylene production, suggesting that irradiation inhibits the enzymes, protopectinase and pectin
methyl esterase, which cause a decrease in firmness during pear ripening. While the climacteric
peak was not affected, irradiation resulted in a decrease in ethylene and an increase in respiration.
The authors concluded that the use of irradiation could affect the respiration rate and slow down
the ripening process that leads to senescence.
2.6. Irradiation as a reduction method for scald development
While the reduction in ethylene has been associated with reduced superficial scald formation,
the impact of the irradiation-induced decrease in ethylene on scald has received little attention.
Olabode (2019) evaluated the effect of irradiation at 310 Gy and 1000 Gy on the development of
superficial scald in ‘Granny Smith’ apples. They correlated the low incidence of scald, afarnesene, and conjugated trienols with an irradiation-induced, dose-dependent decrease in
ethylene production.
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2.7. Rationale and Significance
Irradiation has been shown to reduce superficial scald in ‘Granny Smith’ apples and this
reduction has been related to a decrease in ethylene. Given that superficial scald in ‘Bartlett’ pears
is also related to ethylene, we hypothesize that irradiation will decrease superficial scald in
‘Bartlett’ pears. Irradiation can thus not only serve a phytosanitary purpose, but it can also delay
ripening and decrease the incidence of superficial scald, which is a significant post-harvest
disorder in California ‘Bartlett’ pears.
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3. MATERIALS AND METHODS
3.1. Pears
‘Bartlett’ Pears were harvested from an orchard on August 20th, 2019 in Lake County, CA. At
a packing house in Finley, CA, the fruit was washed with 100-150 mg L-1 chlorine and 1-2 %
sodium bicarbonate in a freshwater rinse. Pears were treated with fludioxonil, 200-300 mg L-1, and
food grade vegetable-based wax and packed in boxes before being placed in storage at 0.5 °C (32.9
°F) prior to shipment. Twelve boxes of #135 pears were transported from Finley, CA to DLJ
Produce/ Pacific International Cold (Long Beach, CA, USA) on a refrigerated truck. Pears were
picked up at this location on September 17th, 2019 and transported to Sterigenics International Inc.
(Corona, CA, USA) for gamma irradiation.

Figure 6. Experimental Design for Bartlett Pears
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3.2. Gamma Irradiation
Dose mapping was conducted in advance by placing three alanine pellet dosimeters (Harwell,
Oxfordshire, UK) at three locations in each of four sample pear boxes (as dunnage) arranged 2
high x 2 wide at a precise distance from a Co60 source. The dose rate was 200 Gy s-1 and the dose
uniformity ratio (DUR) was determined to be 1.24.
For our experiment, pears were irradiated at target doses of 400 Gy and 800 Gy. 400 Gy is the
generic dose established for treatment of most insect pests and 800 Gy was chosen because in
commercial processing, the DUR may be as high as 2 (G. J. Hallman & Blackburn, 2016). Thus,
if 400 Gy is the target, some fruit may be subjected to 800 Gy. For each treatment, four boxes of
pears were placed in exactly the same configuration as the dunnage cases at ambient temperature
~20 °C (~68 °F). Midway through the treatment, the boxes were rotated 180° to ensure uniform
treatment. For the target dose of 400 Gy, the average absorbed dose was 470 Gy calculated from
the measurements of 12 dosimeters, and the dose range was 430-510 Gy. For the 800 Gy target
dose, the average absorbed dose was 940 Gy, and the dose range was 880-1000 Gy. Four additional
boxes served as the non-irradiated controls and were placed outside the treatment chamber during
the irradiation treatments. Immediately after irradiation, the boxes were transported 25 miles to
Chapman University (Orange, CA, USA) and placed in cold storage.
3.3. Cold Storage
All twelve cases were stored at -1-0 °C (30-32 °F) and 95 % humidity at Chapman University
for 90 days. HAXO-8 Humidity & Temperature Loggers (LogTag Recorders, Union County, NJ,
USA) were placed in multiple cases to monitor storage temperature and humidity. On days 0, 45,
and 90 days following treatment, 60 randomly selected fruit were removed from cold storage and
evaluated for physiological, chemical, and physical changes during room temperature storage for
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up to ten days. These periods are referred to as the first, second and third testing periods,
respectively.
3.4. Ethylene Production and Respiration Rates
Ethylene production and respiration rates were measured each day after the fruit was removed
from cold storage until the fruit was past the climacteric peak (four to nine days). Five pears each
were placed into half-gallon sized Mason jars (three jars per treatment) and sealed with rubber
stoppers wrapped with parafilm to prevent gas leakage. Each stopper was fitted with two
polyethylene thermoplastic tubes (California Equipment, Sacramento, CA, USA) connected with
latex tubing (Primeline Industries, Akron, OH, USA) to allow for headspace gas extraction. Prior
to placing samples into jars, the weight and volume of the pears were recorded for an accurate
calculation of the void volume. Ethylene and carbon dioxide were allowed to accumulate in the
jars for one hour. A 1 mL gas sample was extracted and injected into an SRI #8610C gas
chromatograph fitted with a 6 Hayesep D column (SRI Instruments, Torrance, CA, USA) equipped
with a thermal conductivity detector (TCD) for CO2 detection and a flame ionization detector
(FID) for ethylene detection. Hydrogen served as the carrier gas. After one hour to allow gases to
accumulate, three measurements were taken per jar for a total of nine measurements per treatment,
and the differences in incubation time were accounted for in calculations. Fruit was processed for
subsequent testing following the drop in climacteric peak as determined by respiration rate.
Method and equations as determined by Sea et al. (2015) provided below (Equations 1 & 2).
Equation 1
Respiration rate:
𝑚𝐿 𝐶𝑂!
%𝐶𝑂!
𝑚𝐿 𝑇ℎ𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑗𝑎𝑟 (𝐿)
1
= [
]𝑋
𝑋
𝑋
𝐾𝑔. ℎ
100
𝐿
𝐹𝑟𝑢𝑖𝑡 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)
𝑡 (ℎ)
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Equation 2
Ethylene Production Rate:
𝜇𝐿 𝐶! 𝐻"
%𝐶! 𝐻"
𝜇𝐿 𝑇ℎ𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 ℎ𝑒𝑎𝑑𝑠𝑝𝑎𝑐𝑒 (𝐿)
1
= [
]𝑋
𝑋
𝑋
𝐾𝑔. ℎ
100
𝐿
𝐹𝑟𝑢𝑖𝑡 𝑊𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)
𝑡 (ℎ)
3.5. Pear Disorders
Superficial scald, senescent scald, core browning and mold incidence were measured on ripe
pears during the second and third testing periods with 36 - 41 pears per treatment. The incidence
of each disorder was counted and recorded as a percentage. Fruit was placed in a Limo Premium
Pro Studio Table Top Photo Studio 24” X 24” Soft Tent Kit with 1200-1300 Lumens LED Lights
(Amazon, Seattle, WA, USA) and photographed with no additional light diffusion.
Superficial scald was evaluated using the following scale: No injury = 0, 1-25 % surface = 1,
26-50 % surface = 2, and >50 % surface = 3 of affected areas. A severity index was calculated as
[(% fruit grade 1) + (2 x % fruit grade 2) + (3 x % fruit grade 3)]/4 (Lurie, Klein, & Arie,
1990).Visual analysis of senescent scald, fungal breakdown, and core breakdown were recorded
as absent (1) or present (2) (Argenta et al., 2016).
3.6. a-farnesene and Conjugated Trienes
a-farnesene and CTs were measured at the end of the climacteric peak for samples from the
third testing period, using a method by Huelin and Coggiola (1968). Pears were evenly submerged
into 100 ml of high-performance liquid chromatography (HPLC) grade hexane for three minutes
each. The absorption of the hexane extracts was measured from 195 to 300 nm with an Ocean
Optics Red Tide UV-vis spectrophotometer (Vernier Software & Technology, Beaverton, OR,
TM

USA). a-farnesene concentrations were calculated based on the optical density (OD) at 232 nm
using (extinction coefficient, E232 = 27,700) while CTs (E232 = 25,000) were calculated based on
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the OD at 281-290 nm. Results were expressed as nanomoles per square centimeter of the surface
of the fruit. The surface area was estimated from the fruit volume, assumed by a spherical shape.
3.7. Quality Testing
3.7.1. Color
Color was measured with the CM-2500d Spectrophotometer (Konica Minolta, Ramsey, NJ,
USA). L*, a*, b*, chroma and hue values were recorded for the lighter and darker sides of 25 pears
per treatment.
3.7.2. Texture Analysis
Firmness was measured using two different methods, a hand-held fruit pressure tester
(penetrometer) Model FT327 (QA Supplies, Norfolk, VA) equipped with an 8-mm tip and a
TA.XT Plus Texture Analyzer (Stable Micro Systems, Godalming, Surrey, U.K.) equipped with a
Magnus Taylor 8-mm probe. Pear samples were peeled at four equatorial puncture points, two
locations per method. The probe speed was set as 4.0 mm s–1, a distance of 8 mm with a post-test
speed of 10.0 m s–1. The peak force in Newtons (N) was recorded with the TA-XT Plus Texture
Analyzer and in pounds (lbs) for the penetrometer. Since the irradiated pears ripened one to two
days slower compared to untreated pears, the results reflect the firmness of the pears measured
one-two days apart.
3.7.3. Juice Extraction
Eighteen randomly selected pears from each treatment were juiced using a Maximatic TS738
Juice Extractor (Maxi-Matic, City of Industry, CA, USA) in three batches of six pears each. Juice
from each sample was collected in two 50 mL falcon tubes and centrifuged at 22,000 RCF for 20
minutes. The supernatant from both tubes was filtered through cheesecloth and transferred to a

25

single 50 mL falcon tube. Samples were stored in -2.4 °C (27.68 °F) for subsequent measurement
of titratable acidity, soluble solids content and antioxidant capacity.
3.7.3.1.

Titratable Acidity

Titratable acidity (TA) was measured with extracted juice. Five mL of juice was diluted with
deionized water up to 50 mL. A Mini Titrator & pH meter for fruit juice, model number HI8453201 (Hanna instrument, Woonsocket, RI, USA) was used to measure pH and TA in triplicates per
treatment. TA was calculated as:
Equation 3.
% 𝑀𝑎𝑙𝑖𝑐 𝐴𝑐𝑖𝑑 =
3.7.3.2.

𝑚𝐿 𝑏𝑎𝑠𝑒 𝑡𝑖𝑡𝑟𝑎𝑛𝑡 𝑋 𝑚𝑜𝑙𝑎𝑟𝑖𝑡𝑦 𝑜𝑓 𝑁𝑎𝑂𝐻 𝑋 67.04
𝑚𝐿 𝑠𝑎𝑚𝑝𝑙𝑒 𝑋 10

Soluble Solids Content

Soluble solids content was measured using prepared extracted juice. Extracted pear juice was
measured in three analytical replicates for soluble solids content per true replicate. Soluble solids
content were measured and recorded as Brix (°Bx), using a handheld Cole-Parmer digital
refractometer, 0-85 % Brix, 1.3330-1.5100 RI (Cole Parmer, Vernon Hills, IL, USA).
3.7.3.3.

Antioxidant Capacity

Antioxidant capacity was measured using prepared extracted juice. Reagents were prepared
using the protocol established by Benzie and Strain (1996). Ascorbic acid was used as the standard
and the calibration curve for comparison was prepared with a serial dilution in the range of 1001300 µM. A working solution made up of 10 mM tripyridyltriazine, 20 mM ferric chloride and
sodium acetate ACS reagent buffer (1:1:10 v/v/v) was prepared and adjusted to pH 3.6. The Ferric
Reducing Antioxidant Power (FRAP) value from each sample was measured in triplicate from 250
µL diluted in 1750 µL with distilled (DI) water. An aliquot of 180 µL of working solution was
pipetted into a synthetic quartz microplate (Hellma USA Inc., Plainview, NY, USA) with either
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50 µL of diluted sample or additional working solution as blanks. The plate was incubated for 30
min at 37 °C prior to analysis with a FLUOstar Omega microplate reader (BMG Labtech,
Ortenberg, Germany). Results are expressed as µmol ascorbic acid equivalents 100 g-1 of fruit
juice.
3.8. Enzyme Activity: ACS and ACO Activities
ACC synthase and oxidase analyses were performed based on methods established by Bulens
et al. (2011). The peel was carefully removed from the pear flesh and flash frozen in liquid
nitrogen. The frozen peels were ground to a fine powder with a mortar and pestle and stored in 15
mL falcon tubes at -80 °C (-112 °F).
3.8.1. ACS Activity
Tricine extraction (200mM) and reaction (200 mM) buffers for solution preparations were
prepared by dissolving 8.96 g of tricine in DI water up to 250 mL and adjusted to a pH of 8.5 and
8.0, respectively. Column buffer (5 mM) was prepared with 0.896 g of tricine in DI water and
adjusted to a pH of 8.0 for 1 L. All buffers were stored at 4 °C. A 2 mM solution of pyrodoxal-Lphosphate (PLP) was used to prepare extraction and column solutions fresh daily. Extraction
solution was made of 150 µl of PLP, 115.5 mg of dithiothreitol (DTT) (10 mM), and 75 mL
extraction buffer. Column solution is made up of 405 µl PLP, 62.6 mg of DTT (1 mM), and 405
mL column buffer. Mercury Chloride (HgCl2) (100 mM) was prepared to a volume of 100 mL of
DI water with 2.71 g HgCl2 and sodium hypochlorite at 4 °C. A mixture of 13 mg of SAM chloride
(1.2 mM) to a total volume of 25 mL of DI water was prepared and divided into 1.25 mL aliquots
in 20 microcentrifuge tubes and stored at -80 °C.
In a 15 mL falcon tube, 15 mg of polyvinylpyrrolidone (PVP), 3 g of crushed frozen sample,
and 6 mL of extraction solution were vortexed until thoroughly mixed. Further homogenization
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was done using a PRO Scientific Multi-Prep Homogenizer System (Cole-Parmer, Vernon Hills,
IL, USA). Mixtures were transferred into microcentrifuge tubes and centrifuged for 30 minutes at
4 °C at 14,800 x G in a SorvallTM LegendTM Micro 21R Microcentrifuge (ThermoFisher Scientific,
Waltham, WA, USA). Of the ~3 mL of supernatant collected, 2.5 mL was eluted through PD-10
Desalting Columns (GE Healthcare Bio-Science AB, Uppsala, Sweden) followed by 3.5 mL of
column solution into a 50 mL falcon tube. Fresh columns were used per sample as preliminary
testing yield lower readings due to reuse. In two separate 2 mL microcentrifuge tubes, 1.5 mL of
the elute was transferred for the reaction step and a backup sample, to be stored at -80 °C.
For the reaction step, 150 µl of reaction buffer and 150 µl of SAM chloride were added to the
1.5 mL elute and vortexed before incubation in a Thermo ScientificTM Thermal Mixer Block
(ThermoFisher Scientific, Waltham, WA, USA) for 2 h at 25 °C. Reaction was then stopped with
200 µl of HgCl2 solution. The measurement requires two readings in 20 mL glass vials: one spiked
with 20 µl of an ACC (50 µM) solution and a non-spiked, both with 950 µl of the reaction extract
and 850 µl of DI water. Vials were sealed and injected with 0.2 mL of NaOH-NaOCl (2:1 v/v
ratio) through the septum and vortexed for 5 s. Reaction takes 4 min on ice prior to being read.
Reactions and readings of samples were completed on the same day for all extractions. A 2 mL
gas sample was extracted from the headspace of each vial after vortexing for 5 s with a
FisherbrandTM Analog Vortex Mixer (ThermoFisher Scientific, Waltham, WA, USA), and injected
into the SRI 8610C Gas Chromatograph (SRI Instruments, Torrance, CA). All reagents were kept
on ice or at 0 °C (32 °F) to avoid loss of ACS activity. Total amount of ethylene in the headspace,
expressed as in vitro activity of ACS (ACC mol g FW-1 h-1), was be calculated using equation 4
(Bulens et al., 2011).
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Equation 4.
𝐴𝐶𝑆#$%&'&%( =

𝑛*#+,-. ∙ 𝑉./%0#$% ∙ 𝐷$1-2+3 ∙ 𝐷0.#$%&13
𝐸𝑓𝑓 ∙ w ∙ t

𝑛*#+,-. = 𝐸𝑡ℎ*#+,-. ∙ 1045 ∙
𝑛*,&;. = 𝐸𝑡ℎ*,&;. ∙ 1045 ∙
𝐸𝑓𝑓 =

6! 7"#$$
8.:

𝑃< 𝑉=0..
𝑅. 𝑇

𝑛*,&;. − 𝑛*#+,-.
𝑛>-#3;

V./%0#$% (mL) = volume of liquid in sample after extraction
V0.#?&3@ (mL) = amount of extract used
𝐷$1-2+3 = 1.4, 𝑡ℎ𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑑𝑢𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑠𝑡𝑒𝑝
𝐷0.#$%&13 = 1.33, 𝑡ℎ𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑠𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒
𝑤 (g fresh weight) and the incubation time t(h)
3.8.2. ACO Activity
All reagents prepared for ACO activity analysis were freshly made. A 3-Morpholinopropane1-sulfonic acid (MOPS) extraction buffer (400 mM) was prepared by dissolving 8.370 g of MOPS
in 50 mL of DI. Then 10 mL of glycerol (10 % v/v) and 0.594 g of ascorbic acid sodium (30mM)
was added to the buffer. The pH was adjusted to 7.2 using 1 M sodium hydroxide (NaOH). DI
water was added to reach a total volume of 100 mL. The sample was stirred with a stir bar on a
stir plate until homogenized.
A MOPS reaction buffer (50 mM) was made up with 1.046 g of MOPS, 0.099 g of ascorbic
acid sodium salt (5 mM), 0.168 g of sodium bicarbonate (20 mM), 0.010 g ACC (1 mM), 10 mL
of glycerol (10 % v/v), 0.015 g DTT (1 mM) and 0.3 mg of iron sulphate from a stock solution on
a stir plate until homogenized. A mixture of 0.1112 g ferrous sulphate was made into a solution
with 200 mL DI water for 1 mL for the equivalent of the 0.3 mg iron sulphate. The reaction buffer
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was then adjusted to pH 7.2 using 1 M NaOH. Buffer was brought up to 100 mL using DI water
in a volumetric flask.
In a 1.5 mL microcentrifuge tube, 500 mg of frozen peel was added to 50 mg of
polyvinylpolypyrrolidone (PVPP) and kept on ice. 1 mL of MOPS extraction buffer was added to
the microcentrifuge and agitated at 100 RPM/13° for 10 min on a Thermo Scientific Compact
Digital Rocker (ThermoFisher Scientific, Waltham, WA, USA). These tubes were centrifuged in
a SorvallTM LegendTM Micro 21R Microcentrifuge (ThermoFisher Scientific, Waltham, WA,
USA) for 45 min at 4 °C at 14,800 x G. Tubes were kept cold before the removal of 400 𝜇𝑙 of
supernatant into a 16 mL glass vial with 3.6 mL of MOPS reaction buffer. Vials were then vortexed
with a FisherbrandTM Analog Vortex Mixer (ThermoFisher Scientific, Waltham, WA, USA) for 5
s and incubated in a Thermo ScientificTM PrecisionTM Shaking Water Bath TSSWB15S
(ThermoFisher Scientific, Waltham, WA, USA) for 1 h at 30 °C at 55 rpm. Samples were vortexed
once more for 5 s to release ethylene gas into the headspace. One 2 mL reading was taken from
each vial and analyzed using the SRI 8610C Gas Chromatograph (SRI Instruments, Torrance, CA).
Total amount of ethylene collected from headspace, expressed as in vitro activity of ACO (C2H4
mol.g FW-1.h-1), was be calculated using equation 5 and 6 (Bulens et al., 2011).

Equation 5.
𝑛*#+,-. (𝑚𝑜𝑙) = (𝐸𝑡ℎ*#+,-. −

A%B%&'()
!

)∙ 1045 ∙

6! 7"#$$
8.:

Eth*#+,-. and 𝐸𝑡ℎ>-#3; are smaple and blank measurements respectively
𝑃< (Pa) is the pressure of the system before measurement
𝑉=0.. (𝑚C ) is the free headspace volume
R the universal gas constant (8.314 J∗ 𝑚𝑜𝑙 − 1. 𝐾 4D ) and T the temperature (K)
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Equation 6.
𝐴𝐶𝑂#$%&'&%( =

𝑛*#+,-. ∙ 𝑉./%0#$%
𝑉0.#?&3@ ∙ w ∙ t

V./%0#$% (mL) = volume of liquid in sample after extraction
V0.#?&3@ (mL) = amount of extract used
w(g fresh weight) the weight of the sample and t (hours) the incubation time.
3.9. Statistical Analysis
Statistical analyses were performed using RStudio version 1.1.456 (RCoreTeam, 2015). The
mean and standard error of measurements were calculated at the three time periods (0 days, 45
days, and 90 days) for color, texture, soluble solids content, TA, FRAP, α-farnesene, CTs and
enzyme activities. Triplicate measurements were performed on the following: ethylene production,
respiration rates, color, texture, soluble solids content, TA and FRAP. For α-farnesene and CTs
concentrations, six samples were taken on day 90. Nine replicates of ACS and ACO activities were
measured per treatment per time period. The primary and interaction effects of length of storage
and irradiation dose were analyzed using a two-way Analysis of Variance (ANOVA). In cases
where there were significant treatment effects in the ANOVA differences between treatments,
were determined using Tukey’s honest significant difference (HSD). A significance level of α =
0.05 was used for all analyses.
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4. RESULTS AND DISCUSSION
4.1. Effect of irradiation on ripening
Timing of the climacteric peak based on respiration rate and change in pear color were used to
ascertain pear ripeness.
4.1.1. Respiration
In the first testing period, immediately following treatment, pears achieved the climacteric
peak in six to seven days after placing them at room temperature and senesced by day nine. Pears
ripened much faster the longer they were stored (Figure 9). Respiration rate was higher and
increased faster during the second and third testing periods. Pears stored for an additional 45 days
ripened in three to four days, and pears stored for three months ripened in one to two days. Pears
had been harvested almost four weeks prior to irradiation treatment. The pears ripened normally
in the first and second testing period, which coincided with four weeks and ten weeks past harvest,
respectively. In the third testing period, the pears were sixteen weeks past harvest and were clearly
beyond their storage life. ‘Bartlett’ pears can ripen in cold storage, and rate of ripening is
accelerated the longer the pears are in cold storage (Agar, Biasi, & Mitcham, 2000). This
continuous ripening in storage can explain the accelerated ripening observed in the second and
especially the third testing period. Agar et al. (2000), also indicated that ten weeks of cold storage
was the maximum storage life for ‘Bartlett’ pears in air.
The non-irradiated fruit exhibited the highest respiration rate on d 7 during the first testing
period, and d 5 and d 3 in the subsequent testing periods. During all three testing periods, fruit
treated at 940 Gy had the highest respiration rate, followed by 470 Gy then control, although the
differences were not significant (p>0.05)(Error! Reference source not found.). An irradiationinduced increase in respiration rate has been observed in late harvest ‘Bartlett’ pears irradiated at
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400 Gy (Sea et al., 2015) and ‘Fuji’ apples treated at 377 and 1148 Gy (Kheshti, Melo, Cedeno,
Obenland, & Prakash, 2019).

Figure 7. Effect of irradiation (470 and 940 Gy) compared to control fruit on the respiration rate of
‘Bartlett’ pears stored for 0, 45 and 90 days after irradiation treatment at -1 - 0 °C followed by nine, six
and four days, respectively, at ambient temperature.

Irradiation delayed the ripening of pears by one day for 470 Gy and two days for 940 Gy in
the first two testing periods. In the third testing period, all pears ripened within a few days, and
differences in ripening rates were not as apparent.
This initial, transient increase in respiration rate has been observed in various fruit (Akamine
& GOO, 1971). Avocados, sour sop, mangoes, yellow passion fruit, and papayas irradiated
between 0 to 1000 Gy (0-100 krad) have been observed to follow a pattern of an initial increase
followed by a decrease in respiration rate prior to the climacteric peak that accompanies ripening.
Gunes, Watkins and Hotchkiss (2000), observed an increase in CO2 production in ‘Delicious’ and
‘Empire’ apple slices at the pre-climacteric stage, attributing the extent of the response to the fruit
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cultivar and irradiation dose. The authors indicated that irradiation increases the respiratory
quotient (RQ), i.e., as seen by an increased production of CO2 as compared to O2 consumption by
the fruit (Gunes et al., 2000). The impact on respiration rate was eliminated within 72 hours.
Irradiation produces ROS (reactive oxygen species), which stimulates defense mechanisms
and activates stress responses. One example of a defense response is the ascorbate-glutathione
biosynthesis pathway that regulates ROS levels. Activation of these mechanisms consumes energy
within the cells that is provided by means of the Krebs Cycle. Thus, with an increase of ROS due
to irradiation, the fruit will require more energy production, causing higher levels of respiration
(Anjum, Umar, & Chan, 2010).
4.1.2. Color
The color of the pears was measured as close to the climacteric peak as possible (Figure 8).
Irradiation resulted in lower a* and higher hue values as compared to control pears, especially
during the first testing period, indicating that the irradiated pears remained greener for a longer
time (Error! Not a valid bookmark self-reference.).
Table 3. Effect of irradiation (470 and 940 Gy) and storage on the L*, a* and hue values of ‘Bartlett’
Pears stored for 0, 45 and 90 days after irradiation treatment and measured at the climacteric peak. Day 0
and day 90 values are from the dark side of the fruit while day 45 is from the light side of the fruit.

Day 0

Day 45

Day 90

L*

a*

hue

L*

a*

hue

L*

a*

hue

0 Gy

56.81 a

12.40 a

70.82 b

72.52 a

2.86 b

86.41 a

70.78 a

4.24 a

84.70 a

470 Gy

62.31 a

6.63 b

79.04 a

72.69 a

2.75 b

86.62 a

65.04 b

6.00 a

81.16 a

940 Gy

64.09 a

7.49 b

79.71 a

72.78 a

3.94 a

85.10 b

66.36 b

5.13 a

83.33 a

p-value

0.061

0.007

0.018

0.908

0.006

0.004

0.002

0.205

0.082

+ Treatments on any given day (column) with the same letters are not statistically significant (p < 0.05)
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The differences due to irradiation were more significant in the first time period and decreased
during storage. Our results are similar to Abolhassani et al. (2013), who reported higher hue values
for pears irradiated at 400, 600, and 800 Gy, and Sea et al. (2015), who reported lower a* values.
1st
Storage
Period

Control

470 Gy

940 Gy

Day 1

Day 3

Day 6

Figure 8. Change in color of ‘Bartlett’ pears as they ripened during the first storage period.
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Storage
Period

Control

470 Gy

940 Gy

Testing
Period 1
Day 0 + 7
days at
room temp

Testing
Period 2
Day 45 + 5
days at
room temp

Testing
Period 3
Day 90 + 4
days at
room temp

Figure 9. ‘Bartlett’ pears treated at 0, 470 and 940 Gy stored for 0, 45 and 90 days after irradiation
treatment and measured at the climacteric peak.

The color loss from green (chloroplasts) to yellow and red carotenoid (chromoplasts) in pears
is attributed to the process of pigment conversion by enzymes such as chlorophyllase, chlorophyll
oxidase, and peroxidase (Kays, 1991). The color change in pears has been observed to be
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contingent on specific pigments or species rather than ethylene dependency during the ripening
process (Lelièvre, Latchè, Jones, Bouzayen, & Pech, 1997). The chlorophyll content of irradiated
‘Bartlett’ pears treated up to 2.0 kGy was significantly higher than in the control fruit (Wani,
Hussain, Meena, & Dar, 2008). The same authors also reported that pears irradiated at 800 Gy had
50% greater chlorophyll than non-irradiated fruit. They suggested that irradiation inhibits the
enzymes responsible for chlorophyll degradation resulting in higher retention of chlorophyll. This
inhibition by irradiation of these enzymes may contribute to the delay in degreening observed in
irradiated samples for this study.
4.1.3. Texture analyzer and hand-held penetrometer
The pears’ firmness values were measured as close to their peak ripeness (Table 4). The
firmness of ‘Bartlett’ pears at their best eating quality is 2-4 lbs (Elizabeth J Mitcham, Crisosto, &
Kader, 2006). During the first testing period, a firmness of ~3 lbs coincided with the yellowing of
the fruit and the slight increase in ethylene on the 6th day of testing. In the second and third testing
periods, however, the pears remained firm even after the color changed to yellow, and ethylene
peaked at day 3-4 and day 2-3, respectively. Informal tasting indicated that the pears stored for a
more extended period, especially during the third testing period, were firmer and mealier than
pears tested in the first ripening period (APPENDICES). The pears in our study seemed to show a
greater change in color than in texture during ripening. In contrast, fruit softening was more
responsive to ethylene than color in fruits such as pears (Gerasopoulos & Richardson, 1996).
Irradiated pears were firmer as compared to control pears, although not significantly,
except on day 45 when the 940 Gy pears were less firm and closer to the ideal texture than the
control and 470 Gy pears. Abolhassani et al. (2013) and Sea et al. (2015) observed similar results
that irradiated pears remained firmer than control. The inhibition of ripening enzymes such as
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protopectinase and pectin methyl esterase by irradiation may prevent the conversion of insoluble
pectin to soluble pectin and retain fruit firmness (Maxie, Sommer, Muller, & Rae, 1966; Sea et al.,
2015). In other fruit, irradiation has been shown to cause a depolymerization of pectic substances
and a resulting loss of firmness. In papayas treated up to 1.75 kGy, Zhao, Moy and Paull (1996)
correlated loss of firmness to an increase in water-soluble pectin and a decrease in chelator-soluble
pectin and alkali-soluble pectin. Similarly, in diced tomatoes, loss of firmness was associated with
an increase in water-soluble pectin (Prakash, Manley, DeCosta, Caporaso, & Foley, 2002).
Mostafavi et al. (2012) found that irradiation up to 600 Gy maintained firmness of apples, but 9001200 Gy caused a loss of firmness which they related to an increase in water-soluble pectin and a
decrease in oxalate-soluble pectin.
Table 4. Effect of irradiation (470 and 940 Gy) and storage on the peak force of ‘Bartlett’ Pears
measured using a Texture Analyzer (TAXT) and a hand-held penetrometer stored for 0, 45 and 90 days
after irradiation treatment and measured at the climacteric peak

Texture Analyzer (N)

Hand-held Penetrometer (lbs)

Day 0

Day 45

Day 90

Day 0

Day 45

Day 90

0 Gy (Control)

5.56 a*

14.68 a

19.33 a

3.25 a

7.45 a

9.18 a

470 Gy

6.46 a

12.85 a

15.91 a

3.36 a

7.34 a

8.84 a

940 Gy

7.88 a

9.68 b

21.58 a

3.36 a

5.50 b

10.87 a

* Treatments on any given day with the same letters are not statistically significant (p < 0.05)

Maintenance of firmness in irradiated pears can also be related to decreased ethylene
production in irradiated pears. For example, 1-MCP suppresses the production of ethylene,
inhibits cell wall degradation events and reduces softening as was seen in ‘La France’, ‘Gorham’,
‘Gold La France’, and ‘Grand Champion’ pears (Charoenchongsuk, Matsumoto, Itai, &
Murayama, 2018). However, while the effects of 1-MCP were observed in all four pears, ‘La
France’ and ‘Gorham’ had complete suppression while ‘Gold La France’ and ‘Grand Champion’
had only partial fruit softening. This suggests that the efficacy of 1-MCP may be cultivar
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dependent. The makeup of proteins within cultivars have been observed to contribute to the
regulation of components in the cell wall related to softening, differentiated by the genes that are
ethylene-dependent and ethylene-independent (Pech & Bouzayen, 2008).
4.1.4. Soluble solids content and titratable acidity of ‘Bartlett’ pears
Soluble solids content (SSC) of pears decreased between the second and third testing period
(P<0.05) (Figure 10). In the third testing period, the pears quickly approached senescence, which
correlates with the decline in SSC (Hamid, El-Dawla, & Nasr, 2012). Hussain et al. (2010) saw
an increase in sugars during 60 days of storage of William pears and attributed the increase to
enzymatic breakdown of starches and pectins to simple sugars.

Figure 10. Effect of irradiation (470 and 940 Gy) on the soluble solids content of ‘Bartlett’ pears stored
for 0, 45 and 90 days after irradiation treatment and measured at the climacteric peak. Results are
represented as mean values and the error bars show standard error. Capital letters A and B show
differences due to storage for any given treatment and lowercase letters show differences due to treatment
on any given day (p<0.05).
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Similar to Albohassani et al. (2013) and Sea et al. (2015), the irradiated pears had lower
SSC than the non-irradiated pears during the first testing period (p<0.05). Sea et al. (2015)
suggested that the higher respiration rate of the irradiated pears, especially immediately following
irradiation was a cause of their lower SSC values. The SSC content of the irradiated pears increased
between the first two testing periods, although this difference was not significant (P>0.05). An
increase in SSC of irradiated peaches was also observed by Hussain et al. (2010). Drake et al.
(2003), however, deemed that changes in SSC in apples and pears during storage were not due to
irradiation treatment but cultivar dependent.

Figure 11. Effect of irradiation (470 and 940 Gy) on titratable acidity as expressed in malic acid content
of ‘Bartlett’ pears stored for 0, 45 and 90 days after irradiation treatment and measured at the climacteric
peak. The letters a and b show differences due to treatment on any given day (p<0.05).

TA decreased during storage and due to irradiation, especially for the 940 Gy pears (Figure
11). Sea et al. (2015) observed a decrease in TA in irradiated pears and related the decrease to the
higher respiration rate of irradiated pears and the use of acids as a substrate for respiration.
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Irradiation can cause inhibition of glycolytic enzymes thus lowering acid formation (Kheshti et al.,
2019). Irradiated fruits tend to show greater reduction in organic acids as compared to SSC (AlBachir, 1999; Drake, 1999; Kheshti et al., 2019) suggesting that organic acids might be the
preferred substrate for respiration.
4.1.5. Ethylene production
In contrast to the respiration rate, ethylene production remained relatively constant as the
pears ripened (Figure 12). During the first storage period, a small climacteric peak occurred on
day 6 for the control pears, which coincided with the change in color and softening of texture of
ripe pears as expected. In the second testing period, the pears exhibited a peak after two days at
room temperature, but the change in color more closely aligned with a smaller peak that occurred
on day four. While irradiation at 470 and 940 Gy consistently resulted in lower ethylene levels,
the differences between treatments were not statistically significant (p>0.05). Decreases in
ethylene production as a result of irradiation have been observed by Sea et al. (2015) in late harvest
'Bartlett' pears treated at 400 Gy, in 'Granny Smith' apples treated at 310 Gy (Olabode, 2019), and
in ‘Fuji’ apples treated up to 1148 Gy (Kheshti et al., 2019), and have been related to decreased
activity of enzymes associated with ethylene biosynthesis.
The delay in the change in color of the irradiated pears can be attributed to the irradiationinduced decrease in ethylene. Ethylene, as a ripening hormone, activates the enzymes responsible
for degreening of fruit. For example, Charoenchongsuk et al. (2018) observed regulation of
chlorophyll degradation by 1-MCP in ‘La France’, ‘Gorham’, ‘Gold La France’, and ‘Grand
Champion’ pears. Decreased ethylene production, as induced by 1-MCP was shown to delay
chlorophyll degradation, although the delay was not complete in all cultivars, suggesting that there
are separate ethylene-dependent and ethylene-independent pathways as well as cultivar

41

dependency leading to the change in color of fruit (Charoenchongsuk et al., 2018; Pech &
Bouzayen, 2008).

Figure 12. Effect of irradiation (470 and 940 Gy) compared to control fruit on the production of ethylene
of ‘Bartlett’ pears stored for 0, 45 and 90 days after irradiation treatment at -1 - 0 °C followed by nine, six
and four days of ripening, respectively, at ambient temperature.

4.1.6. The effect of irradiation on ACC synthase and ACC oxidase enzyme activities
ACO and ACS activities were high during the first testing period (four weeks post-harvest),
which suggests that the pears had already started to ripen. ACS activity of the control pears
increased between the second and third testing periods (p>0.05), consistent with increased ethylene
levels. ACO activity was higher than ACS activity and stayed fairly constant during storage
(P>0.05). ACC and ethylene synthesis have been observed to increase during long term cold
storage and taper off by 20 weeks (Wang, 1985). This activity in pears leads to additional
autocatalytic production of ethylene and subsequent ripening when the fruit is removed from cold
storage and warmed to ambient temperatures (Lelièvre et al., 1997). In ‘d’Anjou’ pears, ACO is
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activated before ACS, and ACS is considered the rate-limiting enzyme (Blankenship &
Richardson, 1986). Agar et al. (2000) observed an increase in ACS and ACO activities in Lake
‘Bartlett’ pears stored for up to 12 weeks and a concomitant increase in ethylene production.
ACO and ACS activities of the irradiated pears also increased during storage, but this was
not statistically significant (p>0.05)(Figure 13 and Figure 14). Enzyme activities were not
impacted by irradiation. In contrast, Olabode (2019) observed a dose-dependent decrease in ACO
activity in ‘Granny Smith’ apples treated up to 1140 Gy, which coincided with a decrease in
ethylene. Kheshti et al. (2019) observed a delay in ethylene production in ‘Fuji’ apples treated at
377 Gy and complete suppression of the climacteric peak at 1148 Gy correlating with decreased
ACO activity. D’Innocenzo and Lajolo (2001) observed an increase in ACO activity in control
papayas as they ripened, but not in papayas irradiated at 500 Gy. The decrease in ACO activity
has been associated with the effect of irradiation on membrane integrity due to the fact that
ethylene perception is considered to be a membrane associated process (Larrigaudiere, Latche,
Pech, & Triantaphylides, 1990; Strydom & Whitehead, 1990).
Irradiation alters the secondary and tertiary structures of proteins causing modifications to
enzyme activity (Augenstine, 1959; Mounter, 1960). Augenstine (1959) observed the breakage of
di-sulfide and hydrogen bonds which are crucial to enzyme inactivation by means of irradiation.
Thus, irradiation can impact the activity of ACS and ACO enzymes directly due its effect on
protein structure. In addition to irradiation’s effect on the disruption of membrane integrity and
structural degradation of enzymes, irradiation can affect gene expression of enzymes (Gudkov,
Grinberg, Sukhov, & Vodeneev, 2019). Nyakundi (2020), for example, observed decreased gene
expression of ACS1 and ACO2 enzymes in ‘Granny Smith’ apples irradiated up to 940 Gy.
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Figure 13. Effect of irradiation (470 and 940 Gy) on ACC synthase enzyme activity of ‘Bartlett’ pears
stored for 0, 45 and 90 days after irradiation treatment and measured at the climacteric peak. Results are
represented as mean values and the error bars show standard error. Capital letters A and B show
differences due to storage for any given treatment and lowercase letters a and b show differences due to
treatment on any given day (p<0.05).

Figure 14. Effect of irradiation (470 and 940 Gy) on ACC oxidase enzyme activity of ‘Bartlett’ pears
stored for 0, 45 and 90 days after irradiation treatment and measured at the climacteric peak. Results are
represented as mean values and the error bars show standard error. Capital letters A and B show
differences due to storage for any given treatment and lowercase letters a and b show differences due to
treatment on any given day (p<0.05).
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4.2. Post-harvest disorders
4.2.1. The impact of irradiation on the development of superficial scald and the production of αfarnesene and conjugated triene concentration
The occurrence of superficial scald was low in this set of pears and did not manifest until the
third testing period. The incidence was 15% in control and 22-24% in irradiated samples. This
incidence is in contrast to the high rates of superficial scald reported in ‘Bartlett’ pears previously.
Ekman et al. (2004) observed an increase in superficial scald in ‘Bartlett’ pears 12 weeks after cold
storage in air. By 18 weeks, the incidence had increased to >80 %. Similarly, in a study conducted
by Whitaker et al. (2009) on ‘Bartlett’ pears grown in Washington and California, scald incidence
was between 55-94 % and scald severity in the range of 1.1 to 2.2 from 18-24 fruit. The scald
severity index in the pears in our study was much lower by comparison at 0.17, 0.37, and 0.39 for
control, 470 Gy, and 940 Gy, respectively (Table 5).
Table 5. Incidence (%) of superficial scald in ‘Bartlett’ pears at storage period day 45 (second) and day
90 (third).

Superficial Scald

45d

90d

0 Gy (Control)

0

15

470 Gy

0

22

940 Gy

0

24

Unlike superficial scald, concentrations of α-farnesene, and CTs were lower in irradiated
samples as compared to the control (Figure 16). A 70% suppression in α-farnesene concentration
was observed in fruit treated at 470 Gy as compared to the control, and α-farnesene was not
detected in 940 Gy fruit. CTs concentrations decreased by 58% and 98% in the 470 Gy (6.7 nmol
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cm-2) and 940 Gy (0.3 nmol cm-2) samples, respectively, compared to control (16.0 nmol cm-2).
Similar to results observed by Olabode (2019) in ‘Granny Smith’ apples irradiated at 310 Gy and
1000 Gy, suppression of α-farnesene was dose dependent. The reduction in α-farnesene and CTs
was consistent with lowered ethylene levels in irradiated fruit (Figure 12, Figure 16 & Figure 16).

a.

b.

c.
Figure 15. ‘Bartlett’ pears treated at 0 (a), 470 (b), and 940 Gy (c) stored for up to 90 days showing
evidence of superficial scald.

Superficial scald is caused by auto-oxidation of α-farnesene and the formation of CTs and
Ctols. The production of α-farnesene is catalyzed by AFS1. α-farnesene released from the
epidermis and hypodermis of the peel is oxidized to form CTs which accumulate inside the cell.
An abundance of CTs induces scald by disrupting the tonoplast and allowing the contents of the
cytoplasm and vacuole to mix, causing oxidation of phenolic compounds seen as browning (Chen,

46

Varga, Mielke, Facteau, & Drake, 1990). Both the production and perception of ethylene are
involved in the regulation of AFS1. Calvo et al. (2015) observed an increase in α-farnesene content
prior to the fruit’s capacity to produce ethylene when removed from cold storage. This could be
due to the expression of ethylene receptors increasing AFS1 production and not directly influenced
by ethylene production (Calvo et al., 2015). Chen et al. (1990) concluded that regardless of
duration in storage, scald incidence is contingent on the minimum amount of CTs at 3.0 nmoles
cm-2 or higher. Therefore, inhibiting the oxidation of α-farnesene to CTs may prevent the
progression of superficial scald in the fruit tissue (Chen et al., 1990).

Figure 16. Effect of irradiation (470 and 940 Gy) on α-farnesene and conjugated triene concentrations in
the peel of ‘Bartlett’ pears at the end of a 90-day storage period (plus three-four days). Capital letters A
and B show differences in conjugated trienes due to treatment and the lowercase letters a and b show
differences between α -farnesene due to treatment (p<0.05).

Superficial scald can be controlled by either reducing ethylene or by limiting oxidation of
α-farnesene. Ethylene production correlates with the synthesis of α-farnesene (Chen et al., 1990;
Whitaker, 2007). Lowered ethylene production synthesizes a lowered amount of α-farnesene and
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consequently, a decreased level of CTs, inducing lower amounts of scald. Chen et al. (1990) have
observed the inhibition of α-farnesene and the formation of CTs in ‘d’Anjou’ pears, by ethoxyquin,
1-MCP, and controlled atmosphere. Ethoxyquin is an antioxidant used on pears to prevent the
oxidation of α-farnesene into oxidative products such as CTs, while controlled atmosphere limits
the amount of oxygen available to the enzymes in the ethylene biosynthesis pathway preventing
α-farnesene synthesis (Gapper et al., 2006; Pedreschi et al., 2008). 1-MCP acts as an ethylene
blocker in pears which serves to inhibit scald development (Gapper et al., 2006).
Irradiation-induced reduction in ethylene has been shown to lower superficial scald in
‘Granny Smith’ apples. Irradiation suppressed the production of ethylene which resulted in
lowered concentrations of α-farnesene or CTs, preventing the production of superficial scald
incidence in 310 and 1000 Gy treated ‘Granny Smith’ apples (Olabode, 2019). In our study,
however, the higher superficial scald incidence in irradiated samples did not correlate with lower
concentrations of ethylene, α-farnesene, or CTs as expected. Scald incidence and severity were
low which likely made it difficult to discern differences. Also, manifestation of scald has been
shown to depend on other factors such as antioxidant capacity of the fruit. Calvo et al. (2015)
suggested that the antioxidant potential of the fruit may help in reducing incidence of superficial
scald.
4.2.2. The effect of irradiation on senescent scald and core browning
Senescent scald was observed only during the third testing period, with 5 % of control
pears, 0 % of 470, and 3 % of 940 Gy treated pears exhibiting signs of senescent scald (Table 6).
Senescent scald and core browning are typical senescent-related physiological disorders that may
appear after extended storage (Z. G. Ju, Curry, Duan, Ju, & Guo, 2001). A reduction in storage
time can keep the fruit from accelerating into the senescent phase. Storage in cold temperatures of
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-1 - 0 °C can slow fruit senescence and alleviate disorders (Z. G. Ju et al., 2001; Lum et al., 2017;
Meheriuk et al., 1994). Though the metabolites that cause senescent scald differ from those of
superficial scald, 1-MCP has also been observed to lower the susceptibility of senescent scald in
cold storage (DeEll & Ehsani-Moghaddam, 2011; Lum et al., 2017), suggesting that ethylene plays
a role in reducing senescent scald.
Table 6. Incidence (%) of senescent scald, core browning and occurrences of mold/rot observed in
‘Bartlett’ pears at storage periods day 45 (second) and day 90 (third).

Senescent Scald

Core Browning

Mold/Rot

45d

90d

45d

90d

45d

90d

0 Gy (Control)

0

5

47

17

0

32

470 Gy

0

0

38

3

0

28

940 Gy

0

3

7

11

0

8

a. 45d was n = 36 pears and 90d was n = 41 pears

a.

b.

c.

Figure 17. ‘Bartlett’ pears treated at 0 (a), 470 (b), and 940 Gy (c) stored for up to 90 days showing
evidence of core browning.

Core browning was evident in 47 % of control pears, 39 % of 470 Gy treated fruit, and 7 % of
940 Gy treated fruit on day 45. During the third testing period, there was a decrease in fruit
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exhibiting core browning (Table 6), although the fruit during this time was considered below
optimal quality standards. Core browning incidence has been attributed to PPO catalyzed browning
of polyphenols within the cytoplasm and membrane disintegration of the fruit to form o-quinones,
which further polymerize to form complex brown pigments known as melanins (Figure 17).
Phenolic compounds, that can be made up of polyphenols, are a group of natural antioxidants that
play a part against free radicals in the deterioration of an organism, including internal browning
(Pourreza, 2013). PPO and phenolic content are studied extensively as influences in the
development of core browning but are not considered to be limiting factors (Franck et al., 2007;
Veltman, 2002).
The biosynthetic reaction that causes core browning is due to the imbalance of the fruit’s
membrane’s degradation and its maintenance process, specifically the removal and renewal of
cellular constituents by antioxidant systems in the fruit such as the ascorbate-glutathione cycle.
These systems require energy in the form of ATP (Veltman, 2002). When the fruit lacks the energy
needed for enzymatic activity in the ascorbate-glutathione cycle, it allows for the accumulation of
radical oxygen scavengers (ROS). ROS overpowers the fruit’s antioxidant systems causing
structural damage to the membrane and its functions (Franck et al., 2007). Lowering of oxygen
concentration leads to lower ATP levels and increases the possibility of core browning in pears
(Veltman, 2002). Thus, irradiation-induced browning has been observed to be aggravated in
‘Granny Smith’ apples (Olabode, 2019), ‘Gala’ apples (Fan & Mattheis, 2001), mangoes (Reyes
& Cisneros-Zevallos, 2007) and pineapples (Jenjob, Uthairatanakij, Jitareerat, Wongs‐Aree, &
Aiamla‐Or, 2017). In the second storage period the incidence of internal browning was inversely
proportional to the irradiation dose, i.e., core browning was lowest in 940 Gy fruit. This suggests
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there may be another mechanism by which irradiation reduces internal browning in ‘Bartlett’
pears.
A decrease in ascorbate levels has been observed to have occurred before the appearance of
core browning. It has been suggested that a higher antioxidant capacity in the fruit has been shown
to mediate the occurrence of physiological disorders (Lum et al., 2017; Veltman, 2002). In our
study, FRAP values of the control fruit decreased during storage (p<0.05). The antioxidant
capacity of irradiated fruit was lower than the control during the first testing period, with
fluctuations during storage and no clear patterns due to dose or storage (Figure 18).

Figure 18. Effect of irradiation (470 and 940 Gy) on FRAP activity of ‘Bartlett’ pears stored for 0, 45 and
90 days after irradiation treatment and measured at the climacteric peak. Results are represented as mean
values and the error bars show standard error. Capital letters A and B show differences due to storage for
any given treatment and the lowercase letters a and b show differences due to treatment on any given day
(p<0.05).

Antioxidant capacity, as measured by the ability of antioxidants to reduce ferric (Fe3+) to
ferrous (Fe2+) iron, in control fruit significantly decreased during storage (p<0.05), similar to the
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decreasing ascorbic acid levels observed in Conference pears for 200 days (Veltman, 2002). Lum
et al. (2017) measured the antioxidant capacity of ascorbate and glutathione levels in ‘Cold Snap’
and ‘Swiss Bartlett’ pears. Authors found that 1-MCP treatment maintained a lowered ascorbate
and ascorbic acid concentrations in both cultivars beyond 34 days of storage. In both cultivars,
though more in ‘Swiss Bartlett’, antioxidant activity was sustained with higher values of observed
total glutathione levels in 1-MCP treated fruit than non-treated fruit.
4.2.3. The effect of irradiation on mold incidence
Mold occurred in 33% of the control fruit, 28% of fruit treated at 470 Gy, and 8% of fruit
treated at 940 Gy. The incidence of mold was higher at day 90 and was observed to decrease
proportionally as the dosage of irradiation increased (Table 6). Irradiation can directly affect fungal
pathogens by damaging cell DNA or RNA through single-strand breaks that induce mutations or
multiple-strand breaks, rendering the pathogen unviable. Indirectly, irradiation can cause
radiolysis of cellular water, and the resultant free radicals and reactive oxygen species can exert
major damage to cellular structures and metabolism, thus inactivating pathogens (Geweely &
Nawar, 2006; M. A. Jeong & Jeong, 2018). As the irradiation dose increases, the damage can cause
soluble proteins and sugars to leak out of the pathogen's mycelia, disrupting its function and growth
(R‐D Jeong et al., 2015).
At high doses of irradiation, yeast and mold populations were inhibited completely in diced
‘Roma’ tomatoes at 3.7 kGy for nine days or severely lowered at 1.24 and 0.5 kGy during 15 days
of storage. Tomatoes were found to have an increased microbial shelf-life due to irradiation
treatment (Prakash et al., 2002). Serapian and Prakash (2016) also observed a lower incidence of
mold in in strawberries treated at 0.4 kGy when compared to fruit fumigated with methyl bromide.
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Thang et al. (2016) observed that irradiation at 0.4 kGy did not lower mold and yeast count in
blueberries and suggested that a higher dose may be necessary (Thang et al., 2016).
The irradiation dose required for microbial inactivation is conveyed in D10 values. D10
value refers to the dose needed to attain a 1 log or 90% reduction of a target organism. Blue mold,
P. expansum, and gray mold, B. cinerea, are two of the most common fungal pathogens that affect
‘Bartlett’ pears (Sardella et al., 2016). Contingent on the irradiation mode, gamma waves, x-rays,
or electron beams, P. expansum has a D10 value of 0.257-0.268 kGy while B. cinerea has a D10
value between 0.950-1.049 (R‐D Jeong et al., 2015). Based on these D values, irradiation at 470
Gy can achieve a ~1.75 log reduction and 940 Gy, a ~3.5 log reduction for P. expansum, while
only a ~1 log reduction in B. cinerea at 940 Gy.
Low dose irradiation has been shown to cause DNA damage that leads to biological stress
but also induces defense mechanisms in fruit. Jeong et al. (2017) observed that irradiation induced
the activity of defense related enzymes, PAL, POD, and PPO enzymes in ‘Shingo’ pears treated at
100, 200, 400, 600 and 800 Gy. PAL is critical in the formation of phenolics in the
phenylpropanoid pathway, POD enzymes are involved in plant pathogen defense responses and
PPO produce polyphenols through oxidation which serve as antimicrobial compounds in the fruit.
These enzymes were observed to be induced without affecting the quality of the fruit at a low-dose
irradiation, ideally 200 Gy (R. D. Jeong et al., 2017). Irradiation also enhanced the activity of
pathogen-related genes PR-1, PR-3, and PR-4.
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5. CONCLUSIONS
Irradiation treatment affects the ripening ability of ‘Bartlett’ pears as determined by quality
and post-harvest factors. The climacteric peak was delayed as was the color change from green to
yellow. Firmness, however, was not impacted by irradiation. The impact of irradiation was also
seen in reduced ethylene production, but only after storage for 45 and 90 days. The decrease in
ethylene concentration, however, did not correlate with ACS and ACO enzyme activities.
Due to the low incidence and severity of superficial scald in this batch of pears, differences
due to irradiation were not evident. However, irradiation did suppress the compounds, a-farnesene
and conjugated trienes, that are attributed to the formation of superficial scald in a dose-dependent
manner.
Irradiation treatment reduced the incidence of core breakdown and mold in ‘Bartlett’ pears
during storage. Regardless of storage time, control pears had a higher incidence of each postharvest disorder observed as compared to pears treated at 470 and 940 Gy.
Our study shows that irradiation at 470 and 940 Gy delays the ripening of ‘Bartlett’ pears and
can be an effective method to reduce the incidence of post-harvest disorders. Irradiation can be
used to extend the shelf-life and reduce fruit waste that can occur during post-harvest storage.
While this study was focused on ripening and quality attributes, a cost benefit analysis must be
conducted to determine the economic benefit to growers.

54

6. REFERENCES
Abolhassani, Y., Caporaso, F., Rakovski, C., & Prakash, A. (2013). The Effect of Gamma
Irradiation as a Phytosanitary Treatment on Physicochemical and Sensory Properties of
Bartlett Pears. Journal of Food Science(9), 1437. doi:10.1111/1750-3841.12192
Adaskaveg, J. E., Forster, H., Thompson, D., & Cary, D. (2015). EVALUATION OF
POSTHARVEST TREATMENTS FOR MANAGEMENT OF GRAY MOLD, BLUE
MOLD, AND OTHER DECAYS OF STORED PEARS IN CALIFORNIA. In: California
Pear Board.
Agar, I. T., Biasi, W. V., & Mitcham, E. J. (2000). Cold Storage Duration Influences Ethylene
Biosynthesis and Ripening ofBartlett'Pears. Hortscience, 35(4), 687-690.
Akamine, E. K., & GOO, T. (1971). Respiration of gamma‐irradiated fresh fruits. Journal of
Food Science, 36(7), 1074-1076.
Al-Bachir, M. (1999). Effect of gamma irradiation on storability of apples (Malus domestica L.).
Plant Foods for Human Nutrition, 54(1), 1-11.
Anjum, N. A., Umar, S., & Chan, M.-T. (2010). Ascorbate-glutathione pathway and stress
tolerance in plants: Springer Science & Business Media.
Argenta, L. C., Mattheis, J. P., Fan, X. T., & Amarante, C. V. T. (2016). Managing 'Bartlett' pear
fruit ripening with 1-methylcyclopropene reapplication during cold storage. Postharvest
Biology and Technology, 113, 125-130. doi:10.1016/j.postharvbio.2015.11.009
Augenstine, L. (1959). Structural correlation between esterase and protease activities of trypsin.
Science, 129(3350), 718-719.
Authority, E. F. S., Arena, M., Auteri, D., Barmaz, S., Brancato, A., Brocca, D., . . . Civitella, C.
(2018). Peer review of the pesticide risk assessment of the active substance 1‐
methylcyclopropene. EFSA Journal, 16(7), e05308.
Bai, J., & Chen, P. M. (2004). EXTENDING SHELF-LIFE OF PARTIALLY RIPENED
D'ANJOU PEARS BY 1-METHYLCYCLOPROPENE TREATMENT. Paper presented at
the IX International Pear Symposium 671.
Bai, J., Mattheis, J. P., & Reed, N. (2006). Re-initiating softening ability of 1methylcyclopropene-treated 'Bartlett' and 'd'Anjou' pears after regular air or controlled
atmosphere storage. Journal of Horticultural Science & Biotechnology, 81(6), 959-964.
doi:10.1080/14620316.2006.11512182
Barry, C. S., & Giovannoni, J. J. (2007). Ethylene and fruit ripening. Journal of Plant Growth
Regulation, 26(2), 143-159. doi:10.1007/s00344-007-9002-y
Benzie, I. F., & Strain, J. J. (1996). The ferric reducing ability of plasma (FRAP) as a measure of
“antioxidant power”: the FRAP assay. Analytical biochemistry, 239(1), 70-76.
Blankenship, S., & Richardson, D. (1986). ACC and ethylene levels in «d'Anjou» pears in air
and controlled-atmosphere storage. Hortscience, 21(4), 1020-1022.
Błaszczyk, A., Augustyniak, A., & Skolimowski, J. (2013). Ethoxyquin: an antioxidant used in
animal feed. International journal of food science, 2013.
Bulens, I., Van de Poel, B., Hertog, M., De Proft, M. P., Geeraerd, A. H., & Nicolai, B. M.
(2011). Protocol: An updated integrated methodology for analysis of metabolites and
enzyme activities of ethylene biosynthesis. Plant Methods, 7, 10. doi:10.1186/1746-48117-17
Busatto, N., Farneti, B., Tadiello, A., Oberkofler, V., Cellini, A., Biasioli, F., . . . Costa, F.
(2019). Wide transcriptional investigation unravel novel insights of the on-tree

55

maturation and postharvest ripening of 'Abate Fetel' pear fruit. Horticulture Research, 6,
15. doi:10.1038/s41438-018-0115-1
Calvo, G. (2010). Antioxidant use in apple and pear storage. Washington State Univeristy-Tree
Fruit Research and Extension Center. Available at: http://www. tfrec. wsu. edu/pdfs P,
1280.
Calvo, G., Candan, A. P., Civello, M., Giné-Bordonaba, J., & Larrigaudière, C. (2015). An
insight into the role of fruit maturity at harvest on superficial scald development in
‘Beurré D’Anjou’ pear. Scientia Horticulturae, 192, 173-179.
doi:10.1016/j.scienta.2015.05.032
Charoenchongsuk, N., Matsumoto, D., Itai, A., & Murayama, H. (2018). Ripening characteristics
and pigment changes in russeted pear fruit in response to ethylene and 1-MCP.
Horticulturae, 4(3), 22.
Chen, P., Varga, D., Mielke, E., Facteau, T., & Drake, S. (1990). Control of Superficial Scald on
‘? Anjou’Pears by Ethoxyquin: Effect of Ethoxyquin Concentration, Time and Method of
Application, and a Combined Effect with Controlled Atmosphere Storage. Journal of
Food Science, 55(1), 167-170.
Chiriboga, M. A., Saladie, M., Bordonaba, J. G., Recasens, I., Garcia-Mas, J., & Larrigaudiere,
C. (2013). Effect of cold storage and 1-MCP treatment on ethylene perception, signalling
and synthesis: Influence on the development of the evergreen behaviour in 'Conference'
pears. Postharvest Biology and Technology, 86, 212-220.
doi:10.1016/j.postharvbio.2013.07.003
D'INNOCENZO, M., & LAJOLO, F. M. (2001). Effect of gamma irradiation on softening
changes and enzyme activities during ripening of papaya fruit. Journal of Food
Biochemistry, 25(5), 425-438.
DeEll, J., & Ehsani-Moghaddam, B. (2011). Timing of postharvest 1-methylcyclopropene
treatment affects Bartlett pear quality after storage. Canadian Journal of Plant Science,
91(5), 853-858.
Ding, R. R., Du, B. Y., & Zhang, Y. H. (2019). Conjugated trienols and programmed cell death
are more closely related to superficial scald than reactive oxygen species in apple fruit
stored at low temperature. Scientia Horticulturae, 246, 597-603.
doi:10.1016/j.scienta.2018.11.053
Drake. (1999). Response of apple and winter pear fruit quality to irradiation as a quarantine
treatment. Journal of food processing and preservation(3). doi:10.1111/j.17454549.1999.tb00380.x
Drake, S., Neven, L., & Sanderson, P. (2003). Carbohydrate concentrations of apples and pears
as influenced by irradiation as a quarantine treatment Journal of food processing and
preservation, 27(3), 165-172.
Ekman, J., Clayton, M., Biasi, W., & Mitcham, E. (2004). Interactions between 1-MCP
concentration, treatment interval and storage time for ‘Bartlett’pears. Postharvest biology
and Technology, 31(2), 127-136.
EPA, U. S. E. P. A. (2004). R.E.D. Facts Ethoxyquin. In.
ERS, E. R. S. (2019). Data by Commodity - Imports and Exports: Pears. Retrieved from
https://data.ers.usda.gov/reports.aspx?programArea=fruit&stat_year=2009&top=5&Hard
Copy=True&RowsPerPage=25&groupName=Noncitrus&commodityName=Pears&ID=1
7851#P23b0365be75546678ebc7cebe6b46701_5_828. from United States Department of
Agricultural Economic Research Service

56

https://data.ers.usda.gov/reports.aspx?programArea=fruit&stat_year=2009&top=5&Hard
Copy=True&RowsPerPage=25&groupName=Noncitrus&commodityName=Pears&ID=1
7851#P23b0365be75546678ebc7cebe6b46701_5_828
Escribano, S., Sugimoto, N., Macnish, A. J., Biasi, W. V., & Mitcham, E. J. (2017). Efficacy of
liquid 1-methylcyclopropene to delay ripening of 'Bartlett' pears. Postharvest Biology and
Technology, 126, 57-66. doi:10.1016/j.postharvbio.2016.11.007
Fan, X., & Mattheis, J. P. (2001). 1-Methylcyclopropene and storage temperature influence
responses of ‘Gala’apple fruit to gamma irradiation. Postharvest biology and Technology,
23(2), 143-151.
FAS. (2019). Fresh Apples, Grapes, and Pears: World Markets and Trade. Retrieved from
https://apps.fas.usda.gov/psdonline/circulars/fruit.pdf
FGN. (2018). AgroFresh unveils SmartFresh InBox in US market. Fresh Growers News.
Retrieved from https://fruitgrowersnews.com/news/agrofresh-unveils-smartfresh-inboxin-us-market/
Flaherty, E. J., DeEll, J. R., She, B. J., & Bozzo, G. G. (2018). 1-Methylcyclopropene affects the
shelf-life quality of controlled atmosphere stored 'Cold Snap (TM)' pears. Canadian
Journal of Plant Science, 98(6), 1365-1375. doi:10.1139/cjps-2018-0136
Formuzis, A. (2014). Most U.S. Apples Coated with Chemical Banned in Europe. In: EWG Tap
Water Database. Retrieved from https://www.ewg.org/release/most-us-apples-coatedchemical-banned-europe-0
Franck, C., Lammertyn, J., Ho, Q. T., Verboven, P., Verlinden, B., & Nicolaï, B. M. (2007).
Browning disorders in pear fruit. Postharvest biology and Technology, 43(1), 1-13.
Gapper, N. E., Bai, J., & Whitaker, B. D. (2006). Inhibition of ethylene-induced α-farnesene
synthase gene PcAFS1 expression in ‘d’Anjou’pears with 1-MCP reduces synthesis and
oxidation of α-farnesene and delays development of superficial scald. Postharvest
biology and Technology, 41(3), 225-233.
Gerasopoulos, D., & Richardson, D. G. (1996). Effects of exogenous propylene and fruit calcium
on ripening of non-chilled and chilled Anjou pears. Postharvest biology and Technology,
8(2), 111-120.
Geweely, N., & Nawar, L. (2006). Sensitivity to gamma irradiation of post-harvest pathogens of
pear. International Journal of Agriculture and Biology, 8(6), 710-716.
Gudkov, S. V., Grinberg, M. A., Sukhov, V., & Vodeneev, V. (2019). Effect of ionizing
radiation on physiological and molecular processes in plants. Journal of environmental
radioactivity, 202, 8-24.
Gunes, G., Watkins, C. B., & Hotchkiss, J. H. (2000). Effects of irradiation on respiration and
ethylene production of apple slices. Journal of the Science of Food and Agriculture,
80(8), 1169-1175.
Hallman, G. J. (2011). Phytosanitary applications of irradiation. Comprehensive Reviews in Food
Science and Food Safety, 10(2), 143-151.
Hallman, G. J., & Loaharanu, P. (2016). Phytosanitary irradiation – Development and
application. Radiation Physics and Chemistry, 129, 39-45.
doi:10.1016/j.radphyschem.2016.08.003
Hamid, N. A., El-Dawla, E. A., & Nasr, I. S. (2012). Effects of shrink film wrapping and
irradiation on storage quality of Le Conte pears (Pyruscommunis L.). J Hortic Sci Ornam
Plants, 4, 169-176.

57

Huelin, F., & Coggiola, I. (1968). Superficial scald, a functional disorder of stored apples. IV.—
Effect of variety, maturity, oiled wraps and diphenylamine on the concentration of a‐
farnesene in the fruit. Journal of the Science of Food and Agriculture, 19(6), 297-301.
Hussain, P. R., Meena, R. S., Dar, M. A., & Wani, A. M. (2010). Carboxymethyl Cellulose
Coating and Low-Dose Gamma Irradiation Improves Storage Quality and Shelf Life of
Pear (Pyrus Communis L., Cv. Bartlett/William). Journal of Food Science, 75(9), M586M596. doi:10.1111/j.1750-3841.2010.01868.x
Ihsanullah, I., & Rashid, A. (2017). Current activities in food irradiation as a sanitary and
phytosanitary treatment in the Asia and the Pacific Region and a comparison with
advanced countries. Food Control, 72, 345-359. doi:10.1016/j.foodcont.2016.03.011
Ingle, M., & D'souza, M. (1989). Physiology and control of superficial scald of apples: a review.
HortScience (USA).
Jenjob, A., Uthairatanakij, A., Jitareerat, P., Wongs‐Aree, C., & Aiamla‐Or, S. (2017). Effect of
harvest seasonal and gamma irradiation on the physicochemical changes in pineapple
fruit cv. Pattavia during stimulated sea shipment. Food science & nutrition, 5(5), 9971003.
Jeong, M. A., & Jeong, R. D. (2018). Applications of ionizing radiation for the control of
postharvest diseases in fresh produce: recent advances. Plant Pathology, 67(1), 18-29.
Jeong, R. D., Chu, E. H., Shin, E. J., Lee, E. S., Kwak, Y. S., & Park, H. J. (2015). Antifungal
effect of gamma irradiation and sodium dichloroisocyanurate against Penicillium
expansum on pears. Letters in Applied Microbiology, 61(5), 437-445.
Jeong, R. D., Jeong, M. A., & Park, M. R. (2017). Gamma irradiation-induced disease resistance
of pear (Pyrus pyrifolia "Niitaka") against Penicillium expansum. Journal of
Phytopathology, 165(9), 626-633. doi:10.1111/jph.12601
Ju, Z., & Curry, E. A. (2000). Evidence that α-farnesene biosynthesis during fruit ripening is
mediated by ethylene regulated gene expression in apples. Postharvest Biology and
Technology, 19(1), 9-16.
Ju, Z. G., Curry, E. A., Duan, Y. S., Ju, Z. Q., & Guo, A. X. (2001). Plant oil emulsions prevent
senescent scald and core breakdown and reduce fungal decay in 'Bartlett' pears. Journal
of the American Society for Horticultural Science, 126(3), 358-363. Retrieved from <Go
to ISI>://WOS:000168165000016
Jung, K., Go, S. M., Moon, B. G., Song, B. S., & Park, J. H. (2016). Comparative Study on the
Sensory Properties of Fuji Apples and Niitaka Pears Irradiated by Gamma Rays, Electron
Beams, or X-rays. Food Science and Technology Research, 22(1), 23-29.
doi:10.3136/fstr.22.23
Kader, A. A., Mitcham, E. J., & Mitchell, G. F. (2002). Postharvest technology of horticultural
crops (Vol. 3311): University of California Agriculture and Natural Resources.
Kalbasi-Ashtari, A. (2004). Effects of post-harvest pre-cooling processes and cyclical heat
treatment on the physico-chemical properties of “Red Haven Peaches” and “Shahmiveh
Pears” during cold storage. Agricultural Engineering International: CIGR Journal.
Kays, S. (1991). Post-harvest Physiology of Perishable Plant Products. The AVI publication
company. Inc. Westport CT.
Kheshti, N., Melo, A. A. M., Cedeno, A. B., Obenland, D., & Prakash, A. (2019). Physiological
response of ‘Fuji’apples to irradiation and the effect on quality. Radiation Physics and
Chemistry, 165, 108389.

58

Larrigaudière, C., Candan, A. P., Giné-Bordonaba, J., Civello, M., & Calvo, G. (2016).
Unravelling the physiological basis of superficial scald in pears based on cultivar
differences. Scientia horticulturae, 213, 340-345.
Larrigaudiere, C., Latche, A., Pech, J. C., & Triantaphylides, C. (1990). Short-term effects of γirradiation on 1-aminocyclopropane-1-carboxylic acid metabolism in early climacteric
cherry tomatoes: Comparison with wounding. Plant Physiology, 92(3), 577-581.
Lelièvre, J. M., Latchè, A., Jones, B., Bouzayen, M., & Pech, J. C. (1997). Ethylene and fruit
ripening. Physiologia plantarum, 101(4), 727-739.
Luckman, G. J. (2002). Food irradiation: regulatory aspects in the Asia and Pacific region.
Radiation Physics and Chemistry, 63(3-6), 285-288. doi:10.1016/s0969-806x(01)00625-9
Lum, G. B., DeEll, J. R., Hoover, G. J., Subedi, S., Shelp, B. J., & Bozzo, G. G. (2017). 1Methylcylopropene and controlled atmosphere modulate oxidative stress metabolism and
reduce senescence-related disorders in stored pear fruit. Postharvest biology and
Technology, 129, 52-63. doi:10.1016/j.postharvbio.2017.03.008
Lurie, S., Klein, J., & Arie, R. B. (1990). Postharvest heat treatment as a possible means of
reducing superficial scald of apples. Journal of Horticultural Science, 65(5), 503-509.
Lurie, S., & Watkins, C. B. (2012). Superficial scald, its etiology and control. Postharvest
biology and Technology, 65, 44-60.
Maxie, E., Sommer, N., Muller, C. J., & Rae, H. L. (1966). Effect of gamma radiation on the
ripening of Bartlett pears. Plant Physiology, 41(3), 437-442.
McClain, B. (2019) Phone Conference with Bob McClain/Interviewer: M. Tu & A. Prakash.
California Pear Advisory Board.
Meheriuk, M., Prange, R. K., Lidster, P. D., & Porritt, S. W. (1994). Postharvest disorders of
apples and pears: Agriculture Canada Publication 1737/E.
Mitcham, E. J., Crisosto, C., & Kader, A. A. (2006). Pear: Bartlett. In: UC Davis, Univ. Calif.
Postharvest Technol. Ctr.
Mitcham, E. J., Crisosto, C. H., & Kader, A. A. (1996). Pear (Bartlett Pears) Recommendations
for Maintaining Postharvest Quality. Retrieved from
http://postharvest.ucdavis.edu/files/259434.pdf
Mitcham, E. J., & Elkins, R. B. (2007). Pear production and handling manual (Vol. 3483):
UCANR Publications.
Morehouse, K. M. a. K., Vanee. (2004). Overview of Irradiation of Food and Packaging. In
Irradiation of Food and Packaging (pp. 1-11): ACS Symposium Series 875.
Mostafavi, H. A., Mirmajlessi, S. M., Mirjalili, S. M., Fathollahi, H., & Askari, H. (2012).
Gamma radiation effects on physico-chemical parameters of apple fruit during
commercial post-harvest preservation. Radiation Physics and Chemistry, 81(6), 666-671.
Mounter, L. (1960). Studies of the Effects of Radiation on Enzymes: I. Inactivation of
Chymotrypsin and Chymotrypsinogen by X-Rays. Radiation research, 12(5), 487-494.
Nimse, S. B., & Pal, D. (2015). Free radicals, natural antioxidants, and their reaction
mechanisms. Rsc Advances, 5(35), 27986-28006. doi:10.1039/c4ra13315c
Nyakundi, B. (2020). Mechanism of low-dose irradiation on expression of genes in ethylene
biosynthesis in Granny Smith apples. Chapman University,
Olabode, P. N. (2019). Irradiation as an Alternative to Methyl Bromide Fumigation and
Diphenylamine Treatment of ‘Granny Smith’ Apples. In.
Pareek, S. (2017). Novel Postharvest Treatments of Fresh Produce: CRC Press.

59

Paul, V., & Pandey, R. (2014). Role of internal atmosphere on fruit ripening and storability-a
review. Journal of Food Science and Technology-Mysore, 51(7), 1223-1250.
doi:10.1007/s13197-011-0583-x
Pech, J. C., & Bouzayen, M. (2008). Climacteric fruit ripening: ethylene-dependent and
independent regulation of ripening pathways in melon fruit. Retrieved from
http://libproxy.chapman.edu/login?url=https://search.ebscohost.com/login.aspx?direct=tr
ue&AuthType=ip,uid&db=edsbas&AN=edsbas.6F883A5F&site=eds-live
Pedreschi, R., Hertog, M., Robben, J., Noben, J.-P., & Nicolaï, B. (2008). Physiological
implications of controlled atmosphere storage of ‘Conference’ pears (Pyrus communis
L.): A proteomic approach. Postharvest Biology and Technology, 50, 110-116.
doi:10.1016/j.postharvbio.2008.04.004
Pérez, J., Lires, C., Horak, C., Pawlak, E., Docters, A., & Kairiyama, E. (2009). Gamma
irradiation as a phytosanitary treatment for fresh pome fruits produced in Patagonia.
Radiation Physics and Chemistry, 78, 647-650. doi:10.1016/j.radphyschem.2009.04.002
Pourreza, N. (2013). Phenolic compounds as potential antioxidant. Jundishapur Journal of
Natural Pharmaceutical Products, 8(4), 149.
Prakash, A., Manley, J., DeCosta, S., Caporaso, F., & Foley, D. (2002). The effects of gamma
irradiation on the microbiological, physical and sensory qualities of diced tomatoes.
Radiation Physics and Chemistry, 63(3-6), 387-390.
Reyes, L. F., & Cisneros-Zevallos, L. (2007). Electron-beam ionizing radiation stress effects on
mango fruit (Mangifera indica L.) antioxidant constituents before and during postharvest
storage. Journal of agricultural and food chemistry, 55(15), 6132-6139.
Rizzolo, A., Grassi, M., & Vanoli, M. (2015). Influence of storage (time, temperature,
atmosphere) on ripening, ethylene production and texture of 1-MCP treated ‘Abbé Fétel’
pears. Postharvest Biology and Technology, 109, 20-29.
doi:10.1016/j.postharvbio.2015.06.003
Rowan, D. D., Hunt, M. B., Fielder, S., Norris, J., & Sherburn, M. S. (2001). Conjugated triene
oxidation products of alpha-farnesene induce symptoms of superficial scald on stored
apples. Journal of Agricultural and Food Chemistry, 49(6), 2780-2787.
doi:10.1021/jf0015221
Rupasinghe, H., Paliyath, G., & Murr, D. (1998). Biosynthesis of α-Farnesene and its Relation to
Superficial Scald Development inDelicious' Apples. Journal of the American Society for
Horticultural Science, 123(5), 882-886.
Sardella, D., Muscat, A., Brincat, J. P., Gatt, R., Decelis, S., & Valdramidis, V. (2016). A
Comprehensive Review of the Pear Fungal Diseases. International Journal of Fruit
Science, 16(4), 351-377. doi:10.1080/15538362.2016.1178621
Sea, S., Rakovski, C., & Prakash, A. (2015). Ripening Quality of 'Bartlett' Pears (Pyrus
communis L.) Subjected to Phytosanitary X-ray Irradiation Treatment Followed by
Simulated Retail Display. Hortscience, 50(2), 279-287. Retrieved from <Go to
ISI>://WOS:000349933900020
Serapian, T., & Prakash, A. (2016). Comparative evaluation of the effect of methyl bromide
fumigation and phytosanitary irradiation on the quality of fresh strawberries. Scientia
Horticulturae, 201, 109-117.
Strydom, G., & Whitehead, C. (1990). The effect of ionizing radiation on ethylene sensitivity
and postharvest ripening of banana fruit. Scientia Horticulturae, 41(4), 293-304.

60

Thang, K., Au, K., Rakovski, C., & Prakash, A. (2016). Effect of phytosanitary irradiation and
methyl bromide fumigation on the physical, sensory, and microbiological quality of
blueberries and sweet cherries. Journal of the Science of Food and Agriculture, 96(13),
4382-4389.
USDA-APHIS. (2013). Treatment Manual. In: U.S. Department of Agriculture–Animal and
Plant Health Inspection Service–Plant Protection and Quarantine. .
Vanoli, M., Grassi, M., & Rizzolo, A. (2016). Ripening behavior and physiological disorders of
‘Abate Fetel’ pears treated at harvest with 1-MCP and stored at different temperatures
and atmospheres. Postharvest Biology and Technology, 111, 274-285.
doi:10.1016/j.postharvbio.2015.09.017
Varela, P., Salvador, A., & Fiszman, S. (2005). Shelf-life estimation of 'Fuji' apples: Sensory
characteristics and consumer acceptability. Postharvest Biology and Technology, 38(1),
18-24. doi:10.1016/j.postharvbio.2005.05.009
Veltman, R. H. (2002). On the origin of internal browning in pears:(Pyrus communis L. cv
Conference).
Villalobos-Acuna, M. G., Biasi, W. V., Flores, S., Mitcham, E. J., Elkins, R. B., & Willits, N. H.
(2010). Preharvest Application of 1-Methylcyclopropene Influences Fruit Drop and
Storage Potential of 'Bartlett' Pears. Hortscience, 45(4), 610-616. Retrieved from <Go to
ISI>://WOS:000277048100183
Wang, C. (1985). Ethylene, ACC, soluble polyuronide, and cell wall noncellulosic neutral sugar
content in'Eldorado'pears during cold storage and ripening. J. Amer. Soc. Hort. Sci., 110,
687-691.
Wani, A., Hussain, P., Meena, R., & Dar, M. (2008). Effect of gamma-irradiation and
refrigerated storage on the improvement of quality and shelf life of pear (Pyrus
communis L., Cv. Bartlett/William). Radiation Physics and Chemistry, 77(8), 983-989.
Watkins, C. (2016). Postharvest Physiological Disorders of Fresh Crops. Encyclopedia of
Applied Plant Sciences, 315.
Whitaker, B. D. (2007). Oxidation Products of alpha-Farnesene Associated with Superficial
Scald Development in d'Anjou Pear Fruits Are Conjugated Trienols(9), 3708. Retrieved
from
http://libproxy.chapman.edu/login?url=http://search.ebscohost.com/login.aspx?direct=tru
e&AuthType=ip,uid&db=edsbl&AN=RN207873789&site=eds-live
Whitaker, B. D., & Saftner, R. A. (2000). Temperature-dependent autoxidation of conjugated
trienols from apple peel yields 6-methyl-5-hepten-2-one, a volatile implicated in
induction of scald. Journal of Agricultural and Food Chemistry, 48(6), 2040-2043.
doi:10.1021/jf991107c
Whitaker, B. D., Villalobos-Acuna, M., Mitcham, E. J., & Mattheis, J. P. (2009). Superficial
scald susceptibility and alpha-farnesene metabolism in 'Bartlett' pears grown in California
and Washington. Postharvest Biology and Technology, 53(1-2), 43-50.
doi:10.1016/j.postharvbio.2009.04.002
Zhao, J., Xie, X., Dai, W., Zhang, L., Wang, Y., & Fang, C. (2018). Effects of precooling time
and 1-MCP treatment on 'Bartlett' fruit quality during the cold storage. In (Vol. 240, pp.
387-396).
Zhao, M., Moy, J., & Paull, R. E. (1996). Effect of gamma-irradiation on ripening papaya pectin.
Postharvest biology and Technology, 8(3), 209-222.

61

Zhi, H. H., & Dong, Y. (2018). Effect of 1-Methylcyclopropene on Superficial Scald Associated
with Ethylene Production, alpha-Farnesene Catabolism, and Antioxidant System of OverMature 'd'Anjou' Pears After Long-Term Storage. Food and Bioprocess Technology,
11(9), 1775-1786. doi:10.1007/s11947-018-2141-2
Zhi, H. H., Dong, Y., & Wang, Y. (2019). Effects of controlled atmosphere, edible coating, and
1-methylcyclopropene on improving storage quality of 'Bartlett' pears after long-term
storage. Journal of Horticultural Science & Biotechnology, 94(1), 94-101.
doi:10.1080/14620316.2018.1450098

62

7. APPENDICES

Sweetness

Mealiness

Juiciness

Overall
Quality

Day 90

Firmness

Day 45

Bruising/
Scarring

Day 0

Color

Sensory Data

Control

5.0

2.5

2.0

3.0

2.0

2.5

3.0

470 Gy

4.0

2.5

2.5

3.0

2.0

3.5

3.5

940 Gy

3.5

2.5

3.0

3.0

2.5

3.0

3.0

Control

4.5

2.5

2.0

3.0

2.0

2.5

3.0

470 Gy

4.0

2.5

2.0

3.0

2.0

3.5

3.5

940 Gy

3.5

2.5

3.0

3.0

2.5

3.0

3.0

Control

4.5

3.0

4.0

4.5

1.0

4.0

3.5

470 Gy

4.0

2.5

3.0

3.5

2.5

3.5

4.0

940 Gy

3.5

3.5

4.5

3.5

3.0

2.5

2.5

Panelist scoring Scale
Color

Very Green (1)

à

Very Yellow (5)

Bruising

None (1)

à

Severe (5)

Firmness

Soft (1)

à

Hard (5)

Sweetness

None (1)

à

Very Sweet (5)

Mealiness

None (1)

à

Very Mealy (5)

Juiciness

None (1)

à

Very Juicy (5)

Overall Quality

Low (1)

à

High (5)
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Ethylene p-Values and Graph

a

Day 00

Day 45

Day 90

Day 1

0.232

0.749

0.510

Day 2

0.234

0.034*

0.168

Day 3

0.006*

0.839

0.003*

Day 4

0.543

0.207

0.051

Day 5

0.749

0.051

-

Day 6

0.430

0.574

-

Day 7

0.920

-

-

Day 8

0.002*

-

-

Day 9

0.112

-

-

Days which showed a significant difference at a p>0.05
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Respiration Rate p-Values and Graph

a

Day 00

Day 45

Day 90

Day 1

0.075

0.507

0.009*

Day 2

0.063

0.874

0.874

Day 3

0.706

0.661

0.285

Day 4

0.061

0.499

0.841

Day 5

0.178

0.022*

-

Day 6

0.268

0.504

-

Day 7

0.942

-

-

Day 8

0.098

-

-

Day 9

0.972

-

-

Days which showed a significant difference at a p>0.05
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P-values for quality analyses, enzyme analysis, FRAP, a-farnesene and conjugated trienes
(Day 90)

Effect of Irradiation

Storage
Test

Period

00d

45d

Day x
90d

Dose

Dose

Dark – L*

1.1.607-12

0.062

0.305

0.002

0.793

0.000

Dark – a*

< 2.2-16

0.007

0.116

0.205

0.234

0.000

Dark – b*

0.000

0.060

0.090

0.211

0.447

0.004

Dark – Chroma

0.000

0.152

0.121

0.299

0.690

0.027

Dark – Hue

< 2.2-16

0.018

0.119

0.082

0.356

0.000

Light – L*

0.000

0.374

0.908

0.285

0.203

0.548

Light – a*

0.000

0.227

0.006

0.234

0.142

0.067

Light – b*

0.063

0.929

0.504

0.201

0.360

0.637

Light – Chroma

0.078

0.950

0.506

0.135

0.309

0.555

Light – Hue

0.000

0.373

0.004

0.322

0.230

0.115

TAXT

< 2-16

0.373

0.000

0.141

0.348

0.011

Penetrometer

< 2.2-16

0.950

0.000

0.189

0.962

0.006

0.002

0.033

0.857

0.542

0.333

0.112

Acidity

0.183

0.015

0.037

0.004

0.005

0.750

ACO

0.057

0.261

0.249

0.683

0.625

0.202

ACS

0.000

0.720

0.047

0.197

0.194

0.042

FRAP

0.010

0.032

0.232

0.272

0.716

0.031

AF

-

-

-

0.008

-

-

CTs

-

-

-

0.032

-

-

Soluble Solids
Content
Titratable
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